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1 . 0  FOREWORD 


This  is  Technical  Summary  Report  Number  6  of  a  research  program  conducted  by  the 
General  Electric  Company  under  contract  with  the  U.S.  Army  Engineer  Research  and  De¬ 
velopment  Laboratories.  The  purpose  cf  this  program  is  to  investigate  Hydrocarbon- Air 
Fuel  cells  for  military  applications.  This  program  continues  the  research  effort  on  the  direct 
oxidation  of  hydrocarbon  fuels  first  undertaken  by  General  Electric  in  November,  1960  under 
contract  DA  44-009-ENG-3771 .  Investigation  has  continued  under  contracts  DA  44-009-ENG- 
4853,  DA  44-009-ENG-4909  and  DA  44-009-AMC-479(T).  This  work  is  conducted  at  the 
Company's  Research  Laboratory  in  Schenectady,  New  York  and  at  the  Direct  Energy  Con¬ 
version  Operation's  Fuel  Cell  Laboratory  in  Lynn,  Massachusetts.  Program  Management 
is  the  responsibility  of  the  Direct  Energy  Conversion  Operation. 

These  technical  sunrunary  reports  are  issued  on  a  semi-annual  basis.  The  technical  con¬ 
tent  is  reviewed  by  ERDL  prior  to  publication.  The  Contracting  Officer's  Technical  Repre¬ 
sentative  is  Dr.  Galen  Frysinger. 

This  work  is  made  possible  by  the  support  of  the  Advanced  Research  Projects  Agency 
(Order  No.  24  7)  under  Project  Lorraine  through  the  U.S.  Army  Engineer  Research  and 
Development  Laboratories,  Fort  Belvoir,  Virginia. 
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3.0  GENERAL  SUMMARY 


13.  1  PROGRAM  SUMMARY 

The  research  investigations  and  results  discussed  in  this  report  are  the  continuation  of 
an  integrated  program  directed  toward  the  development  of  the  direct  hydrocarbon  oxidation>air 
fuel  cell  technology.  The  ultimate  objective  is  to  develop  a  technology  which  will  facilitate  the 
I  design  and  fabrication  of  practical  military  fuel  cell  power  sources  for  operation  with  ambient  air 
(  and  conventional  hydrocarbon  fuels.  Consistent  with  this  objective,  practical  limitations  of  funda> 
&  mental  and  applied  research  being  considered,  maximum  emphasis  is  placed  on: 

I  *  high  performance  (e.g.  power  density  and  efficiency) 

e  low  cost  electrode  materials  and  manufacturing  reproducibility 
•  life  and  reliability 

The  discoveries  evolving  from  the  various  areas  of  research,  in  addition  to  representing  signifi* 
cant  progress  towards  understanding  fundamental  mechanisms  of  the  direct  oxidation  processes, 
bring  with  them  the  realization  that  practical  hardware  considerations  cannot  be  overlooked.  Thus, 
the  development  and  evaluation  of  electrode  structures  which  incorporate  these  discoveries  is  be¬ 
coming  increasingly  important. 

Of  particular  significance  in  this  reporting  period  is  the  continued  progress  with  the 
new  family  of  fluoride  electrolytes,  the  demonstration  of  hydrocarbon  oxidation  with  small  quan¬ 
tities  of  platinum  on  the  boron  carbide  substrate,  the  premise  of  higher  performance  with  platinum 
alloy  electrocatalyst  on  Teflon*bonded  electrode  structures,  the  introduction  of  a  new  Teflon  struc¬ 
ture  reinforcing  agent  to  enhance  reliability,  and  an  extension  of  operating  life  to  over  3000  hours 
with  some  of  the  best  electrodes. 

The  principal  elements  of  research  together  with  specific  objectives  for  each  are  illus¬ 
trated  in  Table  1  for  each  major  category  of  program  research.  Subsequent  paragraphs  contain  a 
summary  of  the  current  research  effort  in  each  of  the  major  program  areas  and  a  compilation  of 
program  conclusions.  The  details  of  the  investigations  and  supporting  appendices  are  provided  in 
sections  4.  0  and  5.  0  of  this  report. 

3.2  RESEARCH  STATUS  SUMMARY 

3.2.1  Electrochemical  Oxidation  of  Hydrocarbons 

Multipulse  pctentiodynamic  studies  of  ethane  adsorption  were  conducted  on  platinum 
electrodes  at  elevated  temperatures  in  phosphoric  acid.  Variations  in  surface  area  of  the  elec¬ 
trode,  resulting  in  poor  reproducibility  of  experimental  data,  were  investigated.  For  the  surface 
area  variations,  a  "roughness  factor"  relationship  to  the  reduction  of  "oxygen"  film  was  identified. 
Subsequently,  studies  on  ethane  were  made  in  perchloric  acid  at  60^C  to  determine  rates  of 
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TABLE  1 


Progrmn  Work  Scope 


Research  Activity 

Objective 

A. 

ELECTROCHEMICAL  OXIDATION 

OF  HYDROCARBONS 

1.  Voltametric  studies  with  semi-micro 
fuel  cell  electrodes. 

To  investigate  the  behavior  of  fuels  on  Tef¬ 
lon-bonded  platin  ".m  black. 

2.  Chemical  analysis  combined  with 
voltametry  of  fuel  cell  macro- 
electrodes. 

To  determine  inteimediates  and  side  prod¬ 
ucts  of  the  hydrocarbon  oxidation  reactions. 

3.  Study  of  fuel  activity  in  cesium 

fluoride-hydrofluoric  acid  (CsF-HF) 
mixtures. 

To  evaluate  CsF-HF  as  an  electrolyte  for 
hydrocarbons. 

4.  Oxidation  processes  at  thin  electrolyte 
films . 

To  determine  the  influence  of  mass  transport 
through  electrolyte  films. 

5.  Mechanism  of  ethane  oxidation. 

To  determine  the  reaction  mechanism  for 
ethane  in  phosphoric  acid  at  150°C. 

B. 

ELECTROCATALYST  RESEARCH 

1 ,  Platinum  activated  boron  carbide  and 
tantalum. 

To  develop  an  incApansive  platinum  activated 
substrate  electrocatalyst. 

2.  Catalyst  compatibility  with  CsF-HF. 

To  determine  the  range  of  catalysts  suitable 
for  CsF-HF  mixtures. 

3.  Evaluation  of  alloy  catalyst. 

To  increase  activity  of  platinum  black  elec¬ 
trocatalyst  in  phosphoric  acid. 

C. 

ELECTROLYTE  RESEARCH 

1 .  Solubility  of  hydrocarbons,  oxygen  and 
air  in  electrolytes. 

To  obtain  physical  property  data  required  to 
interpret  electrolyte  behavior. 

2.  Vapor  pressure  of  fluoride  type  elec¬ 
trolytes. 

Same  as  above. 

D. 

ELECTRODE  STRUCTURE  RESEARCH 

1.  Development  of  low  cost  screens  com¬ 
patible  with  phosphoric  acid. 

To  greatly  reduce  cost  of  screen  type 
electrodes. 

2.  Developmental  electrode  structures. 

To  develop  practical  electrodes  which  can  be 
economically  fabricated. 

3.  Failure  mechanisms,  characteriza¬ 
tion,  and  improvement  of  known  elec¬ 
trodes. 

To  improve  structural  stability  of  electrodes 
to  allow  longer  operating  life. 
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TABLE  1  (Cont. ) 


E.  STUDIES  OF  SELF-SUSTAINING 
OPERATION 

To  determine  relative  reactivities  and  fuel 
utilizations  for  mixed  hydrocarbons  in  C3  •< 
Cxo  range.  Objective  is  an  electrode  with  a 
high  fuel  utilization  of  complex  mixtures. 

2.  Automatic  self-induced  anodic  To  characterize  and  understand  voltage  cy- 

voltage  cycling.  cling  phenomena  for  various  fuels  and  con¬ 

ditions. 


F.  ELECTROCHEMICAL  CELL  UFE 
TESTING 

1.  Operation  of  the  ten  life  test  stands.  To  evaluate  long  term  electrode  perform¬ 

ance  and  reliability. 


adsorption  and  of  hydrogenation-desorption.  Adsorption  rateb  as  a  function  of  current  density  were 
obtained.  The  relationship  of  adsoiption  and  hydrogenation-desorption  to  fundamental  kinetic 
laws  was  investigated.  Additionally,  chemical  fractions  of  the  adlayer  were  stud.^ed  to  give  insight 
on  structural  details. 

Mull  pulse  potentiodynamic  techiUques  are  being  applied  to  the  study  of  the  behavior  of 
hydrocarbons  with  semi-micro  Teflon-bonded  fuel  cell  electrodes.  Particular  attention  is  being 
given  to  rates  of  adsorption  and  the  nature  of  the  species  that  form  on  the  surface  of  the  electrode. 
Major  attention  has  so  far  been  focused  upon  the  behavior  of  ethane  with  a  perchloric  acid  elec¬ 
trolyte.  Some  work  has  also  been  done  with  several  other  hydrocarbon  fuela  and  with  hydroflu¬ 
oric  acid  as  an  electrolyte. 

Studies  have  continued  on  macro-electrodes  possessing  10*  to  10*  times  the  hydrogen 
surface  area  of  the  micro  and  semi-micro  electrodes.  Periodic  gas  chromatographic  analyses, 
galvanostatic  COg  -  time  profiles  and  COg  -  voltage  profiles  have  been  determined  for  propane 
at  65° C.  Galvanostatic  product-time  profiles  were  also  obtained  during  hydrogenation  of  the  par¬ 
tially  oxidized  surface  "propane". 

The  eiectrochemical  oxidation  of  propane  has  been  investigated  in  thin  films  of  con¬ 
centrated  phosphoric  solutions  at  elevated  temperatures  on  electrodeposited  platinum  type  cata¬ 
lyst  electrodes.  Experiments  with  hydrophobic  electrode  surfaces  were  performed.  Resistance 
measurements  in  the  meniscus  and  film  region  have  been  determined  as  a  function  of  current 
distribution  and  correlated  with  previous  analytical  derivations. 

The  electrochemical  oxidation  of  saturated  hydrocarbons  in  fluoride  electrolytes  was 
investigated  to  determine  the  effect  of  electrolyte  composition  and  temperature  on  propane  per¬ 
formance.  Multipulse  potentiostatic  and  multipulse  potentiodynamic  investigations  of  propane  on 


1 .  Study  of  C3  -  Cio  hydrocarbon  fuel 
mixtures. 
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platinum  in  the  hydrofluoric  azeotrope  were  initiate  1.  The  extents  of  surface  coverage  by  pro> 
pane  and  hydrogen  have  been  measured  as  a  function  of  propane  adsorption  time  and  temperature. 


I 


3.2.2  Electrocatalyst  Research 

Patterns  of  activity  of  binary  alloys  of  the  noble  metals  were  studied  by  the  methane- 
deuterium  exchange  technique.  An  alloy  of  ruthenium- iridium,  more  active  than  platinum  in  de¬ 
hydrogenation  at  lOO^C,  is  discussed.  The  adsorption  and  catalytic  decomposition  of  normal  and 
iso-butane  on  sintered  platinum  black  was  investigated  as  a  function  of  temperature  between  0 
and  180'^C.  A  flash  des'^rption  appara..w.s  was  constructed  p'.oviding  a  useful  tool  to  investigate 
the  nature  of  these  carbonaceous  materials  and  the  kinetics  of  their  rei.mval  under  various  con- 
di  ons.  Additionally,  the  degree  of  dispersion  and  catalytic  activity  of  platinum  supported  on 
boron  carbide  was  investigated  by  gas  phase  techniques. 

Investigations  of  platinum  activated  boron  carbide  were  continued.  Fabrication  tech¬ 
niques  of  electrodes  utilizing  the  boron  carbide  support  were  improved  and  delamination  problems 
that  existed  at  elevated  temperatures  have  been  overcome.  High  surface  areas  of  platinum  black 
obtained  with  the  boron  carbide  support  are  discussed.  Significant  hydrocarbon  oxidation  has  been 
obtained  with  better  than  an  order  of  magnitude  reduction  in  the  platinum  content  used  in  the 
standard  Alford-Niedrach  electrode. 

Studies  of  platinum  activated  tantalum  were  also  continued.  High  surface  area  platinum 
is  discussed  as  a  function  of  tantalum  particle  size.  New  milling  techniques  were  developed  to 
facilitate  a  reduction  of  tantalum  powder  particle  size.  Anode  and  cathode  electrode  performance 
has  been  determined  for  alternate  platinum  loadings. 

Electrochemical  stability  tests  of  potential  electrocatalysts  suitable  for  fluoride  elec¬ 
trolytes  were  started. 

3.2.3  Electrolyte  Research 

Static  and  dynamic  systems  were  developed  for  measuring  hydrocarbon  and  oxyge’’. 
solubilities  in  hot,  concentrated  electrolytes.  Data  was  obtained  at  elevated  temperatures  ior 
solubilities  nf  oxygen,  propane,  and  octane  in  phosphoric  acid.  An  all-Teflon  equilibration  ap* 
paratus  was  constructed  for  measurement  of  vapor  pressures  over  corrosive  electrolytes  at 
elevated  temperatures. 

Some  of  the  more  important  physico-chemical  properties  of  the  CsF-HF-HaO  and 
KF-HgO  systems  were  measured.  The  regions  of  investigation  were  usually  confined  to  the  com¬ 
position  and  temperature  ranges  of  interest  for  fuel  cell  and  electrochemical  work. 
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3.2.4 


Electrode  Structure  Research 


Commercially  available  metals  and  alloys  were  investigated  as  potential  low  cost  screen 
materials  for  Teflon  bonded  electrodes.  The  studies  were  conducted  in  phosphoric  acid  at  ISO^C. 
ihe  preliminary  test  results  for  selecting  cathode  and  anode  screen  materials  suitable  for  further 
investigation  are  prcsei'ted. 

The  incorporation  of  fibrous  reinforcing  agents  in  the  electrode  structure  .vas  considered 
in  terms  of  improving  the  electrode  cracking  and  leakage  problems.  Asbestos  fibers  were  chosen 
for  initial  studies  because  of  their  high  strength  and  acid  resistance.  The  tests  were  conducted 
usinn  suitably  modified  Niedrach-Alford  type  electrodes. 

Developmental  electrode  effort  concentrated  on  improving  the  crack  resistance  and 
mechanical  stability  of  the  Niedrach-Alford  ''lectrode.  Wetproofing  films,  pressed  films,  the 
addition  of  asbestos  fibers,  double  layer  electrodes,  and  variations  in  platinum  loading  and  acrean 
thickness  were  investigated.  Electrode  performance  was  evaluated  on  hydrogen,  propane,  oxy¬ 
gen  and  air. 

Porosity,  gas  permeability  and  surface  area  measurements  of  Niedrach-Alford  elec¬ 
trodes  were  started. 

Failure  analysis  of  Niedrach-Alford  electrodes  was  continued.  Samples  of  platinum 
black  were  subjected  to  treatment  in  85  percent  phosphoric  acid  at  150°C  in  the  presence  of  vari¬ 
ous  gases.  The  resulting  reduction  in  surface  area  would  account  for  the  cracking  and  shrinkage 
experienced  on  electrode  samples  treated  under  the  same  conditions. 

3.2.5  Electrochemical  Cell  Life  Testing 

Long  duration  life,  water  balance  control,  pulsed  performance  techniqiies,  and  barrier 
film  water  vapor  suppression  tests  were  performed.  The  results  for  over  3280  hours  operating 
life  with  propane  and  air,  and  over  .3850  hours  life  with  n-octane  aLd  air  as  reactants,  all  utilis¬ 
ing  phosphoric  electrol^'tes,  are  discussed.  Constant  boiling  hydrofluoric  acid  as  a  fuel  cell 
electrolyte  was  evaluated  on  propane,  hexane  and  octane  (liquid)  at  223^ F. 

3.2.6  Studies  of  Self-Sustaining  Operation 

A  semi-empirical  relationship  has  been  derived  to  describe  ;.;'.odic  over-voltage  as  a 
function  of  cell  current  and  limiting  current  for  pure  and  binary  fuels.  A  computer  program  was 
used  to  obtain  coefficients  for  this  relationship,  and  to  study  their  variance  vdth  fuel  composition. 
Similarly,  the  limiting  current  can  be  predicted  from  the  fuel  composition. 

Pure  octane  has  been  found  to  completely  oxidise  electrochemically  In  the  phosphoric 
acid  cell.  Binary  mixtures  of  hexane  and  octane  show  a  general  correlation  between  the  current 
supplied  by  the  hexane  and  the  concentration  of  hexane  in  the  cell,  but  no  correlation  for  the 
or.tane. 
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A  test  system  has  been  built  to  determine  the  behavior  oi  non-vaporizing  fuels  over  | 
a  broad  range  of  flow  parameters  in  a  variable  geometry,  transparent  anode  chamber.  | 

3 . 3  PROGRAM  CONCLUSIONS  [ 

3.3.1  Multipulse  potentiodynamic  data  on  smooth  platinum  anodes  suggests  that  | 

"adsorbed  ethane"  consists  of  partially  oxygenated  and  partially  dehydrogenated  species  with  | 

{ 

adsorbed  ethyl  radicals  as  a  co..imon  intr'rmediator.  Similar  data  on  Teflon-bonded  electrodes  I 
suggest  that  the  adsorption  processes  on  the  fuel  cell  anode  are  at  least  qualitatively  similar  ^ 
to  '.hose  on  smooth  platinum.  ^ 


3.3.2  The  oxidation  of  propane  on  partially  immersed  platinum  black  electrodes 
occurs  mainly  in  the  upper  meniscus  and  thin  film  region  of  the  electrode  surface.  Further¬ 
more,  a  simulated  "wetproof"  Teflon  platinum- ruthenium-black  structu'-e  exhibits  much 
higher  current  than  electrodes  prepared  in  a  similar  manner  without  the  addition  of  a 
wetproofing  agent. 

3.3.3  Fuel  cel’  systems  with  hydrogen  fluoride  and  cesium  fluoride  electrolyte 
compositions  continue  to  show  promise  for  high  performance  hydrocarbon  oxidation.  Per¬ 
formance  e'<ial  to  75  watts/ft^  (IR  free)  have  been  demonstrated  on  propane  and  oxygen  at 
150®C  with  the  most  optimum  CsF-HF  composition  to  date,  compared  with  55  watts/ft® 

(IR  free)  in  phosphoric  acid  with  the  same  fuels  and  operating  temperature. 

3.3.4  The  higher  performance  demonstrated  on  ?  Teflon-bonded  electrode  with 
platinum- ruthenium  alloy  catalyst  compared  with  an  identical  electrode  with  pure  platinum 
catalyst  is  consistent  with  catalytic  activity  of  just  the  electrocatalyst  as  measured  by  the 
methane -deuterium  exchange  techniques. 


3.3.5  Metallic  dispersions  up  to  149  square  meters  per  gram  can  be  obtained 
for  platinum  (Pt  particle  sizes  as  small  as  16  angstroms)  supported  on  boron  carbide.  The 
effectiveness  of  platinum  per  vmit  weight  being  increased  by  an  order  of  magnitude,  potential 
fuel  cell  material  jBt  reductions  are  significant. 

3.  3.6  Tantalum  is  less  attractive  as  a  diluent  or  support  for  platinum  than  is 
boron  carbide. 
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3.3.7  Potentiostatic  corrosion  tests  in  the  HF -Hg O azeotrope  at  temperatures  up 
to  110°C  have  shown  that  platinum- gold,  and  80%  gold-20%  palladium  alloy  have  the  stability, 
over  the  potential  range  of  0.0  to  0.2  volts  vs.  reversible  hydrogen,  necessary  to  be  a  poten¬ 
tial  eleclrocatalyst  in  hydrogen  fluoride  electrolyte  compositions. 

3.3.8  Newly  developed,  dynamic  test  equipment  utilizing  a  rotating  disc  is  effec¬ 
tive  for  making  oxidant  and  hydrocarbon  fuel  solubility  determinations  in  phosphoric  acid  at 
room  and  elevated  temperatures.  The  solubilities  of  propane  and  oxygen  in  concentrated 
phosphoric  acid  at  25°C  have  been  shown  to  be  1/8  and  1/5  respectively  of  their  values  in 
water,  and  from  25^  to  1  TCC  remain  relatively  insensitive  to  temperature, 

3.  3.  9  Asbestos  as  a  structural  reinforcement  agent  for  Teflon  in  bonded  elec¬ 
trodes  indicates  re  istance  to  electrode  cracking  can  be  improved.  In  initial  testing,  after 
more  than  100  hours  in  identical  fuel  cell  environments,  electrodes  rsii. forced  with  asbestos 
showed  no  physical  or  performance  degrr  'ation  while  standard  Te’  on-bonded  electrodes 
displayed  the  usual  crack  growth  pattern. 

3.3. 10  Investigations  of  potentially  low-cost  screen  materials,  established  that 
corrosion  rates  at  anode  potentials  were  less  than  one  mil  per  year  for  commercial  tongsteu 
screen  and  93%  tungsten- 7%  nickel  alloy  in  88%  phosphoric  acid  at  ISO^C.  At  cathode  poten¬ 
tials,  no  materials  have  beer  found  with  the  corrosion  resistance  of  tantalum. 

*  S 

3.3.11  In  cell  life  testing,  performance  in  excess  of  10  watts  per  square  foot  has 
been  achieved  on  fuel  cells  with  propane  and  air  after  3000  hours  life.  Performance  between 
8  and  10  watts  per  square  foot  has  been  achieved  on  fuel  calls  with  better  than  1000  hours  life 
for  iso-octane-air  and  decane-air  fuels. 

3.3.12  Cycling  (periodic  fluctuation  of  electrical  output)  has  been  observed  on  all 
hydrocarbon/air  fuel  cells  using  phosphoric  acid  as  the  electrolyte.  Typically,  anode  polari¬ 
zations  have  been  observed  to  cycle  in  a  matter  of  seconds  from  a  nominal  0. 55  volts  up  to 

0.  75  volts  and  down  to  0.35  volts,  subsequently  returning  to  the  nominal  polarisation  voltage. 
The  time  interval  between  cycles  iauiependent  upon  operating  conditions  and  fuol  composition. 
Again,  typically  varying  from  hundreds  of  hours  between  cycles  to  a  few  minutes  between  cycles 
for  propane  and  hexane  respectively.  The  same  phenomena  has  not  been  exhibited  for  cells  that, 
were  operated  with  azeotropic  aqueous  hydrofluoric  acid  electrol^'te  and  with  propane,  n-hexane, 
and  n-octane  as  fuels. 
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3.3.  13  Binary  mixtures  of  hexane  and  octace  show  that  the  current  supplied  by 
the  hexane  is  proportional  to  the  concentration  of  hexane  and  to  the  square  root  of  the  total 
cell  cuirent.  No  such  correlation  is  evident  for  tb‘  current  supplied  by  the  octane. 
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4.  0 _ DETAILS  OF  INVESTIGATIONS 

4.  I  ELECTROCHEMICAL  OXIDATIONS  OF  HYDROCARBONS 

Research  to  develop  a  better  understanding  of  electrochemical  oxidation  of  hydro¬ 
carbons  has  continued.  The  scope  of  research  activities  and  the  specific  objective  for  each  are 
illustrated  in  part  A  of  Table  I  (Section  3.  1).  Fundamental  studies  on  adsorption  and  desorption 
at  hydrocarbon  anodes,  thin  films,  and  related  semi-micro  and  macro  fuel  cell  electrodes  are 
presented.  In  addition,  activity  in  mixtures  of  hydrofluoric  acid  electrolytes  are  discussed. 

4.  1.  1  Anod**  Studies  (Dr.  S.  Gilman) 

Multipulse  potentiodynamic  (MPP)  techniques  were  further  developed  and  applied  to  the 
study  of  saturated  hydrocarbons.  Initial  studies  were  performed  in  85%  phosphoric  acid  at  tem¬ 
peratures  of  120'  and  150°C.  It  was  observed  that  adsorption-time  data  was  not  sufficiently  re¬ 
producible  under  these  experimental  conditions.  This  lack  of  reproducibility  was  caused  by  small, 
but  highly  significant,  variations  in  the  effective  surface  area  of  the  electrode.  These  variations, 
in  turn,  could  be  traced  to  two  sources: 

1)  Presence  of  adsorbable  impurities  in  the  electrolyte. 

2)  Changes  in  the  surface  area  of  the  electrode  at  elevated  temperatures,  under  the 
conditions  of  the  measurement. 

The  first  difficulty  may,  in  principle,  be  avoided  through  removal  of  the  trace  impurities  from  the 
electrolyte.  Changes  in  the  surface  area  were  studied  in  detail  and  are  reported  in  section  4.  1.  I.  1. 

Largely  because  of  the  experimental  difficulties  encountered  at  the  higher  temperatures, 
detailed  studies  of  ethane  (the  simplest  saturated  hydrocarbon  possessing  a  carbon*carbon  linkage) 
adsorption  were  subsequently  performed  in  1  N  perchloric  acid  solution  at  60°C. 

The  results  of  studies  of  ethane  adsorption  and  hydrogenation -desorption  studies  are 
reported  in  sections  4.  1.  1.  2  and  4.  1.  1. 3,  respectively. 

4.  1.  1.  1  Modification  of  the  Surface  Area  of  Platinum  Eiecti-odes  by  the  Application  of  Single  Pulses 
Multipulse  potentiodynamic  sequences  have  been  used  in  the  study  of  a  variety  of  ab- 
sorbates  on  platinum  (1-4).  It  has  been  observed  that  the  use  of  the  appropriate  pre -treatment 
sequence  results  in  a  highly  reproducible  surface  in  1  N  perchloric  acid  soL'tion  at  temperatures 
of  30  or  bO'C  (1,2).  This  reproducibility  is  evidenced  by  reproducibility  of  the  hydrogen -deposition 

(1)  S.  Gilman,  J.  Phys.  Chem.  78(1963). 

(2)  S,  Gilman,  Electrochim.  Acta  9^,  1025  (1964). 

(3)  Gilman,  J.  Electroanalyt.  Chem.  7,  382  (1964). 

(4)  S.  Gilman,  J.  Phys.  Chem.  68,  2098  (1964). 
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ch.iriH'  Q"  H  the  "oxygen -adsorption"  charge,  Qq  (1,2)  and  ol  the  electrode  capacitance  (2). 

Hu'  vahies  of  these  qi  antities  after  a  fraction  of  a  second  following  pre -treatment  can  be  re¬ 
produced  to  be  within  a  few  percent  for  over  a  year  of  use  of  the  electrode,  and  upwards  of  one 
thousand  operating  cycles,  when  experiments  are  performed  only  at  the  lower  temperatures. 
Variations  in  these  quantities  following  a  pre-treatment  sequence  occurs  in  a  manner  indicative 
of  electrode  contamination  (1). 

Recently,  MPP  measurement  were  attempted  at  temperatures  of  90®C  or  higher  in 

solutions  of  both  perchloric  and  phosphoric  acids.  Gradual  "roughening"  of  the  surface  was 

S 

observed,  as  evidenced  by  increases  in  both  Q  H  and  in  Qq.  The  effect  was  slight,  but  observe - 
able  at  90®C  in  both  acids,  and  quite  pronounced  in  phosphoric  acid  at  IZO'^C.  The  investigation 
described  below  was  undertaken  to  determine  the  origin  of  the  electrochemical  roughening  of  the 
surface  observed  at  elevated  temperatures. 

A.  Experimental 

The  specially  developed  multipulse  potentiodynamic  equipments  were  utilized  in  all 
experimental  investigations. 

Glassware  and  electronic  equipment  have  been  described  previously  (1).  For  the 
convenience  of  the  reader,  a  block  diagram  of  the  circuit  appears  in  Fig.  1.  The  signal  generator 
consisted  of  several  individual  units  whose  output  v  as  added.  Ramps  wfsre  generated  by  means  of 
an  Exact  Model  250  signal  generator.  Steps  were  generated  with  Tektronix  type  161  delay  units 
for  steps  of  short  duration,  and  with  relays  and  batteries,  for  steps  of  several  second's  duration. 

The  potentiostat  used  was  aWenking  "fast  rise"  potentiostat.  The  current -time  signals  were 
recorded  using  a  Tektronix  536  oscilloscope  with  type  D  and  T  plug>in  unitJ. 

The  working  electrode  was  a  length  of  C.  P.  platinum  wire  0.020"  in  diameter  and 
of  0.064  cm’  geometric  area.  The  electrolyte  was  an  85%  solution  of  A.R.  grade  phosphoric  acid. 
The  test  vessel  was  thermostated  at  120®C  in  an  air  bath. 

Charges  corresponding  to  hydrogen-deposition  and  to  "oxygen-adsorption"  were 
measured  b  '  means  of  sequence  1  and  2  of  Table  I.  Pulse  sequences  employed  in  the  measure¬ 
ment  of  these  charges  are  diagrammed  in  Fig.  2a  and  2b.  Fig.  2c  —  2g  are  the  repetitive  signals  i 
tested  for  their  effect  on  surface  roughness. 

I 

B.  Results  I 

S  ■ 

1 .  Initial  Values  of  Q  H,  Qo  and  R.  F. 

Sequence  II  of  Table  I  was  employed  for  measurement  of  the  charge  corresponding 

5 

to  hydrogen-deposition,  Q  H.  The  application  of  step  E  of  the  sequence  results  in  a  hydrogen- 

deposition  trace  similar  to  that  obtained  at  lower  temperatures  in  perchloric  acid  (1).  From 

this  trace,  Q^H  was  obtained,  as  previously,  by  integrating  the  area  under  the  trace,  making  j 

I 
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Fig.  1.  Multipulse  Potentiodynamic  Equipment. 
TABLE  I 


Pulse  Sequences  Applied  to  Working  Electrode 


Sequence 

I 


lia- 

2a 


II 


2b 


Step  (Refers 
to  Fig.  2) 


B 


A  -  C 
D 


Procedure 

1.  Potential  held  at  0. 0  v>  for 
10  sec.,  with  argon  flowing 
and  paddle >stir ring 

2.  Stirring  and  argon  flow  con¬ 
tinued  while  potential  held  at 
1.  8  V.  for  15  sec. 


Purpose 

1.  To  desorb  foreign  anions 


2.  To  remove  impurities 
which  oxidise  and/or  are 
repelled  at  high  potentials. 


3.  Stirring  and  argon  flow  con-  3.  To  sweep  molecular 

_  ♦ _ «s 


tinued  for  1/2  minute  and 
solution  allowed  to  become 
quiescent  for  1-1/2  additional 
minutes.  Potential  held  at  J.  55 
V.  throughout  this  step. 

Potential  of  0.  4  v.  applied  for 
time  T^ 


5.  Apply  linear  anodic  sweep  E 
of  speed  v  =  1000  v. /sec.  and 
measure  current -time  trace. 

1-4)  Same  as  sequence  1,  1-4. 


oxygen  produced  during 
step  B  into  the  bulk  and 
to  restore  concentrations 
of  dissolved  speciea  near 
surface  to  bulk  values. 

4.  Surface  is  largely  reduced 
within  first  few  milli¬ 
seconds  exposing  a  repro¬ 
ducible  surface  to  the 
electrolyte. 

5.  Qo'  may  be  determined 
from  the  trace 


1-4)  Same  sequence  I,  1-4. 

5 

5)  Apply  linear  cathodic  sweep  E  5)  Q  H  may  be  determined 
of  speed  v  =  50  v. /sec.,  and  from  the  trace, 

measure  current -time  trace. 
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-M  h- 
2  msec. 


2  sec. 


approximate  graphical  correction  for  double -layer  charging.  The  value  of  Q  H  obtained  before 
alteration  of  the  electrode  surface  was  0.31  mcoul.  /  cm^ .  Assuming  that  0.21  mcoul.  /  cm*^  cor¬ 
responds  to  a  monolayer  of  hydrogen  and  a  roughness  factor,  R.F.  =  1,  an  original  value  of 
R.  F.  =  1.47  was  calculated  for  the  electrode. 

Sequence  I  of  Table  I  was  employed  in  the  measurement  of  the  charge  corres¬ 
ponding  to  "oxygen-adsorption".  Trace  1  of  Fig.  3  is  the  trace  obtained  initially  by  application 
of  step  E  of  sequence  II.  A  charge,  Qq  '  was  obtained  from  this  trace  by  graphical  integration  of 
the  area  "abeda."  This  charge  includes  a  charge  Qq,  corresponding  t^  oxidation  of  the  surface 
and  also  a  charge  corresponding  to  double -layer  charging  (2).  The  choice  of  the  location  of  point 
c  of  F  gure  3  must  he  som.ewhat  arbitrary.  To  ensure  standard  conditions  for  the  location  of 
point  c,  and  thereby,  for  the  comparison  of  different  values  of  Qo',  point  c  was  determined  in 
the  following  way: 

1)  The  maximum  current  of  t..e  trace  was  determined.  Point  e  was  "rhoaen  as 
that  point  on  the  trace  corresponding  (arbitrarily)  to  120%  of  the  maximum  current. 

2)  A  tangent  to  the  trace  was  constructed  at  point  e. 

3)  A  tangent  was  constructed  to  the  trace  at  a  point  corresponding  to  a  time  half¬ 
way  between  that  of  the  maximum  current  and  that  corresponding  to  point  e. 
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Fig.  3.  "Oxygen  Adsorption"  Traces  Recorded  Initially  (Trace  1)  and  After  "Roughening"  the 

Surface  by  Pulsing  (Traces  2  and  3). 


4)  The  intersection  cf  the  two  tangents  determines  point  c.  The  original  value  of 
Qo'  was  found  to  be  0.  553  mcoul./cm^.  After  making  approximate  correction  for  double -layer 
charging  on  the  assumption  that  the  capacitance  has  a  constant  value  of  70  microfd.  /cm^,  Qo  = 

g 

0.43  mcoul. /cm^  and  Oo/2Q  H  =  0.  69  which  is  lower  than  the  corresponding  value  at  30°  in  1  N 
perchloric  acid  (0.9  acc.  to  ref.  2).  At  least  part  of  this  decrease  may  be  ascribed  to  the  ad¬ 
sorption  of  phosphate  on  which  partially  blocks  surface  oxidation  (4).  Values  of  R,  F,  reported 
in  Table  II  are  calculated  from  Qo'  taking  the  original  value  of  Qo'  =  0.  553  to  correspond  to  the 
R,  F,  of  1.47  and  assuming  that  subsequent  values  of  R.F.  are  directly  equal  to  Qc'. 

2.  Electrode  Treatments  Leading  to  No  Change  in  Qo' 

After  a  pre -treatment  sequence  similar  to  that  of  procedure  1,  Table  I,  the 
electrode  was  held  at  potentials  of  0.  1.2,  1.  55  and  1.  8  v  for  10  minutes.  The  particular 

potentials  were  chosen  be  use  they  correspond  to  a  variety  of  surface  coverages  with  "oxygen" 
(2).  Qo'  was  f'^und  not  to  have  varied  at  all  at  any  of  these  constant  potentials. 

3.  Electrode  Treatments  Leading  to  Change  in  Qo' 

Application  of  periodic  pulses  c.  c'  rnd  f  of  Fig.  2  lead  to  increase  in  Qo'  and  hence 
in  the  calculated  R.F.  The  reverse  is  true  for  pulses  e  and  g.  The  results  are  summarized  in 
Table  II.  The  change  in  Qo '  is  compared  with  the  preceding  value  of  Qo'  by  the  expression; 
Percentage  change  in  Qo'  =  100  A  Qo^Uo'*  where 
Qo'  =  (final  value  of  Qo')  -  (initial  value  of  Qo') 

The  value  of  Qo'  is  the  denominator  of  the  above  equation  is  taken  as  the  initial  value.  The  change 
in  Qo'  is  also  given  on  a  "per  cycle"  basis  by  dividing  expression  1  by  the  total  number  of  cycles. 

C .  Discussion 

The  results  indicate  that  no  change  in  R.F.  occurs  at  any  constant  potential.  Ac¬ 
cording  to  Table  II,  increase  in  R.F.  is  associated  with  signals  c,d  and  f  on  Fig.  2,  where  the 
surface  is  cxidized  and  rapjd'y  reduced  during  each  cycle.  A  decree se  in  R.F.  is  noted  when  the 
surface  is  first  oxidized  and  then  siowly  redxiced  as  in  signals  e  and  g  of  Fig.  2.  Hence  roughen¬ 
ing  of  the  surface  is  correlated  most  directlv  with  speed  of  reduction. 

The  rate  at  which  the  R.  F.  of  the  surface  is  increased  by  rapid  reduction  depends 
on  the  extent  of  previous  exposure  of  the  surface  to  oxidizing  conditions.  Hence  Qq'  changes  by 
only  0.  02%  per  cycle  when  the  surface  is  partially  oxidized  using  a  fast  linear  anodic  sweep 
(Fig.  2c)  whereas  the  change  is  as  large  as  0.2%  per  cycle  when  the  surface  is  first  oxidized  at 
1. 8  V  for  2  sec.  and  then  rapidly  reduced  either  by  a  step  or  a  fas:  linear  sweep  (Fig.  2d  and  2f, 
respectively. ) 
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Variation  of  Qq*  with  ’Electrode  Pulse- Treatment 


For  the  surface  largely  oxidired  at  1.8  v.  the  rate  of  decrer ”e  of  R.  F.  depends  also 
on  the  speed  of  reduction.  Hence  ir.  experiment  4,  Table  11,  signal  2e  gave  a  rate  of  decrease  of 
0.2%  per  cycle  during  the  first  5  minutes  of  pulsing  whereas  signal  2g  gave  an  initial  rate  of  change 
of  only  0.03%  per  cycle.  There  is  also  evidence  that  a  steady  state  R.F.  exists  corresponding  to 
signal  Ze,  In  experiments  4,  5,  d  and  it  is  ecen  that  the  rate  of  change  oi  '  drops  with  decreas¬ 
ing  R.F.  The  last  value  of  R.F.  measured  in  2  cases  (experiments  5  and  9)  are  approximately  the 
same.  It  is  possible  that  a  steady  state  value  of  R.F.  may  correspond  to  a  variety  of  oxidation- 
reduction  cycles.  These  effects  may  be  of  interest  in  preparing  electrodes  of  desired  R.F.  in  a 
reproducible  manner. 

Recently  Hoare  (5)  examined  "blackening"  of  platinum  electrodes  occurring  at  25°C 
upon  application'  of  60  cps  AC  voltage  signals.  The  extent  of  surface  roughening  encountered  in 

the  present  work  only  lead  to  a  slight  dulling  of  the  surface.  Conditions  are  less  severe  than  in 
Hoare's  work  in  that  relatively  few  (equivalent  to  only  a  few  seconds  of  60  cps  A.C. )  cycles  were 
studied  here.  On  the  other  hand,  conditions  are  more  severe  in  that  the  temperature  chosen  was 
higher  (120*C  as  compared  with  25*C).  Hoare  believes  that  rough*,  ing  of  the  surfaces  comes 
about  through  the  action  of  deposited  hydrogen.  In  this  work,  reductions  always  were  made  at 
potentials  no  lower  than  0,4v,  under  which  condition  there  is  no  detectable  hydrogen  on  the  sur¬ 
face.  Two  general  types  of  explanation  of  the  observed  phenomen  may  be  conceived: 

1)  The  rapid  reduction  of  a  relatively  extensive  "oxygen"  or  "oxide"  film  does  not 
allow  time  for  the  surface  to  "anneal"  during  reduction  and  this  leads  to  progressive  roughening 
of  the  surface. 

2)  Some  very  slight  rate  of  solution  of  the  "oxide"  occurs  during  some  portion  of 
each  cycle.  This,  or  subsequent  reduction  of  dissolved  platinum,  leads  to  roughening. 

The  author  considers  the  mechanism  of  the  rougheniog  process  still  an  entirely  open  question. 

4.  1.  1.2  Kinetics  and  Mechanism  of  Ethane  Adsorption  on  Platinum 

In  the  kinetics  and  mechanism  of  ethane  adsorption  on  platinum  studies,  the  multipulse 
potentiodynamic  (MPP)  method  was  applied  to  the  determination  of  the  mechanism  and  kinetics  of 
adsorption  of  ethane  on  platinum  in  perchloric  acid  solution.  Similar  '  !PP  methods  have  been 
applied  previously  to  the  study  of  surface  processes  involving  organic  molecules  (1,  6-8)  as  well 
as  neutral  (2,  3)  and  ionic  (4,9)  inorganic  species. 


A,  Experimental 
1.  Equipment  and  Chemicals 

The  electrolyte  was  1  N  perchloric  acid  prepared  from  A.R.  grade  acid  and  triply 
distilled  water.  Ethane  was  Phillips  Research  Grade  of  99.98%  purity.  The  test  electrode  was  a 
length  of  C.  P.  grade  platinum  wire  sealed  in  a  soft  glass  tube  with  0.079  cm^  of  geometric  area 
projecting.  The  exposed  end  of  the  wire  electrode  was  sealed  in  a  small  bead  of  soft  glass.  The 
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I 

J  previous  treasured  value  of  "saturation  hydrogen  coverage",  mcoul.  /cm^{l), 

suggesting  a  roughness  factor  of  1 . 5  if  0.  1  mcoul. /cm’  is  taken  to  cor  respo'id  to  R .  F.  =  1.  All 
I  measurements  were  made  in  an  air  bath  thermostated  at  60  i  0,  i'^C. 

I  2.  Procedure 

c  , 

I  The  potential  functions  employed  are  diagrammed  in  Fig.  4  (times  axes  not  to  scale). 

I  The  procedures  followed  during  each  step  of  each  sequence  of  Fig.  4  is  summarized  in  Table  III 
j  along  with  the  significance  of  each  procedure.  All  potentials  were  measured  against  a  reversible 
I  hydrogen  electrode  in  1  N  perchloric  acid. 

I 

I  B.  Results 

i 

I  1.  Establishment  of  Initial  Boundary  Conditions 

I  For  the  quantitative  study  of  adsorption,  it  is  essential  to  establish  well-defined 

initial  conditions  both  on  the  electroce  surface  and  in  the  adjacent  solution.  When  using  the  MPP 
method,  this  goal  is  accomplished  through  the  use  of  a  sequence  of  potential  pulses.  While  the 


exact  potentials  and  durations  of  each  pulse  may  be  varied  to  suit  the  partijular  system  under 
consideration  (1-4,  7-9),  the  pulse  sequence  must  accomplish  the  following  specific  tasks; 

1)  The  surface  must  be  cleansed  of  adsorbed  materials  (other  than  concentrated 


electrolyte  species)  including  the  adsorbate  under  study  and  impurities. 

2)  Provision  must  be  made  for  converted  and/or  desorbed  surface  species  (from 
1)  to  be  swept  into  the  bulk  of  the  solution  and  diluted,  while  protecting  the  electrode  against 
re -adsorption. 

j  3)  The  "protection"  of  step  2  must  be  removed  rapidly  when  the  adsorption  process 

I  under  investigation  is  to  commence. 

Step  2  can  be  accomplished,  depending  on  the  particular  adsorbate,  by  either  of 
two  modes.  The  surface  may  be  passivated  at  high  potentials  (1-3,  7-8),  or  a  low  0  v. ) 
potential  step  (4,9)  may  be  applied,  which  serves  to  block  adsorption  either  by  dint  of  the 
presence  of  the  hydrogen  ad-layer,  or  some  other  potential -dependent  effect.  The  use  of  the 
passivation  principle  is  adequate  where  a  small  amount  of  "oxygen"  retained  (2)  during  part  of 
step  3  is  not  significant  (1).  However,  it  might  well  be  avoided  where  possible  in  the  study  of 
saturated  hydrocarbons  where  the  adsorptions  are  slow,  and  will  possibly  be  affected  by  traces 
of  oxygen. 


Steps  A— D  of  the  sequences  of  Fig.  4  and  Table  III  accomplish  the  surface  pre¬ 
treatment  with  a  minimum  of  exposure  of  the  electrode  to  oxidizing  conditions.  The  success  of 
I  steps  A  — D  in  producing  a  clean  surface  is  measured  by  comparison  of  the  current-time  traces 

I  obtained  u-ir.g  sequences  I  and  II  of  Table  III  (U  =  0.4v)  with  those  obtained  using  previous  pre- 

( 

I  treatments  (1,  4)  in  the  argon-saturated  solution.  The  values  of  '  oxygen  adsorption"  and  hydrogen 
"adsorption"  charges  obtained  by  means  of  sequences  I  and  II,  respectively  were  found  to  remain 


’’‘The  alternative  symbol  used  previously  was  QSH. 

S 

i 

I 
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TABLE  Ill 


Procedures  Followed  During  Potential  Sequence  of  Fig.  4 


Seqi 


uence 


4a 


Step  (Refers 
to  Fig.  2) 


B 


4b  A-E 
F 


Procedure 

1.  Bubble  gas*  through  solution 
with  paddle -stirring  for 
T  =  15  sec.t 


2.  Continue  gas -bubbling  and 
stiring  for  T  =  2  sec. 


Continue  gas  bubbling  and 
stirring  for  1/2  min.  Stop 
bubbling  and  stirring  and 
allow  solution  to  become 
quiescent  for  1-1/2  min. 
Total  value  of  T  =  2  min. 


4.  Solution  quiescent. 
Tjj  =  10  sec. 


5.  The  potential  is  raised  to 
U,  for  time,  T^.. 

6.  Apply  linear  anodic  sweep 
(1.  a.  s.  )  of  speed  V.  Trigger 
oscilloscope  at  beginning 
of  the  sweep,  and  measure 
current -time  trace. 

1-5  Same  as  for  Sequence  I. 

6.  Apply  liner  r  cathodic  sweep 
(1.  c.  s. )  of  speed  V.  Trigger 
oscilloscope  at  beginning  of 
sweep  and  measure  current¬ 
time  trace. 


5. 


Purpo 


se 


1. 


2, 


3. 


To  keep  solution  saturated 
with  gas  while  thoroughly 
reducing  electrode  surface. 
Also  serves  to  remove 
anion  impurities,  if  pre¬ 
sent,  from  surface. 

To  remove  surface  species 
which  are  oxidized  and/or 
repelled  at  high  potentials. 

The  passive  film  of  step  B 
is  retained  while  desorbed 
materials  and  oxygen  re¬ 
leased  during  step  B  are 
swept  into  the  bulk  o'  the 
solution  and  diluted.  The 
solution  is  allowed  to  be¬ 
come  quiescent  to  restrict 
mass  transport  to  ordinary 
diffusion  in  subsequent  steps. 

The  passive  film  retained 
during  step  C  is  largely 
reduced  within  the  first 
few  milliseconds.  The  low 
potential  serves  to  block 
adsorption  of  ethine,  if 
present  in  solution.  The 
electrode  is  in  equilibirum 
with  10“*  atmos.  of 
hydrogen. 


(). 


To  allow  adsorption  of 

ethane  at  potential  U  for 

time,  T_. 

E 

The  charge  corresponding 
to  the  oxidation  of  adsorbed 
ethane  may  be  obtained 
through  analysis  of  the 
current-time  trace. 

1-5  Same  as  for  Sequence  I. 

6.  The  area  under  the  cur- 
rent-time  trace  serves  as 
a  measure  of  hydrogen 
co-deposition. 


=’=Thf;  gas  is  either  ethane,  argon,  or  a  designated  mixture  of  both, 
t  "T"  with  appropriate  subscript  is  the  duration  of  that  step  of  the  sequence. 
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j  T/BLE  III  (Cont'd) 

Step  (Refers 

^Sequence  Fig.  to  Fig.  2)  Procedure 

III  4c  A-F  1-6  Same  as  for  Sequence  I 

with  U  -  0.  40. 

G  7.  T_  =  100  msec. 

1  r  j 


4e  A-E 


8.  Apply  l.a.s.  of  speed  v  = 
100  v./sec.  and  measure 
resulting  current -time 
trace. 

1-6  Same  as  for  Sequence  II. 

7.  T_  =  100  msec. 

O 


8.  Apply  l.a.s.  of  speed  100 
v./sec.  and  measure 
current-time  trace. 

1-5  Same  as  for  S.iquence  I. 

6.  Apply  0.  4  V.  step  and 
measure  resulting  cur- 
rent-time  trace. 


1-4  Same  as  for  Sequence  I, 

5.  T_  =  10  msec. 

E 


Purpose 


1-6  Same  as  for  Sequence  1. 

7.  To  reduce  the  surface 
which  was  oxidized  during 

step  F.  T  =  100  msec. 

G 

does  not  allow  sufficient 
time  for  appreciable  re- 
adsorption  of  ethane  from 
solution. 

8.  Area  under  trace  provides 
information  on  whether 
ethane  adsorbed  during 
step  E  is  retained  during 
steps  F  and  G. 

1-6  Same  as  for  Sequence  II. 

7.  To  eliminate  adsorbed 
hydrogen  and  reduce  the 
concentration  of  dissolved 
hydrogen  adjacent  to  the 
electrode  surface,  so  that 
anodic  hydrogen  current 
will  be  insignificant  daring 

step  H.  T_  =  100  msec. 

G 

does  not  allow  sufficient 
time  for  appreciable  e  '  - 
sorption  of  ethane  during 
step  G. 

8.  Area  under  trace  indicates 
whether  ethane  was 
desorbed  during  step  F. 

1-5  Same  as  for  Sequence  I. 

6.  All  adsorbed  hydrogen  is 
oxidized  at  this  potential. 
Integration  of  the  current¬ 
time  trace  results  in  the 
corresponding  charge. 

1-4  Same  as  for  Sequence  I. 

5.  To  remove  adsorbed 

hydrogen,  and  reduce  the 
concentration  of  dissolved 
h’-dregen  adjacent  to  the 
surface. 


TABLE  m  (Cont'd) 


Sequence 


Step  (Refers 

Fi£,  to  ZiiL  2)  Procedure 

4f  F  6.  Open  circuit  for  time,  T  . 

r 


G  7.  T_  =  1  msec. 

O 


H  8.  Apply  1. a.  s.  of  speed  v, 

and  measure  resulting 
current-time  trace. 


Purpose 

6.  The  open -circuit  potential 

may  be  measured  as  a 

function  of  'me.  Alter - 

natively,  any  value  of  the 

adsorption  time,  T  ,  may 
r 

be  chosen  and  the  amount 
of  atomic  hydrogen  and  of 
ethane  adsorbed  during  Tp 

may  be  determined  by  sub¬ 
sequent  steps. 

7.  This  is  sufficient  time  to 
remove  hydrogen  deposited 
on  the  surface  as  a  result 
of  dissociative  chemis¬ 
orption  of  ethane.  This  is 
preparative  to  measure¬ 
ment  of  by  means  of 

E 

step  H.  Alternatively,  the 
current-time  trace  re¬ 
sulting  upon  application  of 
step  G  is  recorded  and  the 
charge  corresponding  to 
the  adsorbed  hydrogen  is 
estimated  through  integra¬ 
tion  of  the  trace. 

8.  Qp  may  be  determined 

through  aiialysis  of  the 
trace. 


constant  for  values  of  T  from  10  msec,  to  100  sec.,  and  to  agree  to  wHb'n  a  few  percent  with 

£ 

the  results  obtained  using  previous  pre -treatments  (1,4).  These  values  remained  constant  to 
within  approximately  5%  for  values  of  T  up  to  1000  sec.  when  the  solution  was  pre -electrolyzed 
by  pulsing  (1).  This  variation  is  due  to  adsorption  of  residual  solution  impurities,  and  served  to 
limit  adsorption  times  to  1000  sec.  in  this  work. 

2.  Charge  Corresponding  to  Oxidation  of  Adsorbed  Ethane  —  Frequency  Dependence 
Sequence  I  of  Table  III  was  employed  in  this  ctudy.  U  was  chosen  at  0.4  v,  and  v 
was  varied.  The  traces  marked  "1"  in  Fig.  5  were  obtained  upon  application  of  the  linear  anodic 


. . . .  . 


svvot'p  (l.a.9.)  F  for  T_  =  10  msec,  in  ethane -saturated  solution.  They  are  identical  (except  for 
Fig.  -lA  which  is  very  slightly  different)  with  the  traces  obtained  in  argon-saturated  solution  for 
vahios  of  T_  of  from  10  msec,  to  over  100  sec.  This  must  indicate  that  the  combined  durations 

IL 

of  steps  E  and  F  are  too  small  (less  than  one  sec.,  except  for  Fig.  5A)  to  permit  appreciable 
adsorption  of  ethane.  Hence  traces  1  of  Fig.  5  serve  as  "solvent"  traces.  The  traces  marked 
"Z"  correspond  to  T^  s  100  sec.  in  ethane -saturated  solution.  The  shaded  area  included  between 
the  "solvent"  and  "ethane"  traces  of  Fig.  5  and  the  dashed  line  (which  helps  eliminate  purely 
capacitive  charges  lying  to  the  left)  will  be  referred  to  as  Q..'.  This  charge  may  include  several 
terms: 


Q  ' 


Q_+  Q-"  e  AQ  +  AQ. 

E  E  cap. 


(1) 


where 


Qe" 


AQ 


cap. 


s  charge  corresponding  to  oxidation  of  ethane  adsorbed  on  the  surface 
during  step  E. 

=  charge  corresponding  to  ethane  not  adsorbed  during  step  E  but  which 
oxidizes  during  step  F  with  or  without  a  preceding  adsorption  step. 
Difference  in  capacitive  charges  included  under  the  "solvent"  and 
"ethane"  traces  due  to  differences  in  initial  surface  states. 

AQo  =  Difference  in  charges  due  to  surface  oxidation,  included  under  the 
"solvent"  and  "ethane"  traces. 

By  comparison  with  Q_,  AQ  will  be  small  and  will  be  taken  as  equal  to  zero. 

£  CAps 

In  the  previous  study  (1)  of  CO  adsorption,  AQq  was  assumed  equal  to  zero,  ^incc  the  "solvent" 
and  "CO"  traces  finally  merged  at  high  potentials,  suggesting  similar  final  surface  states.  For 
CO  this  assumption  could  be  verified,  since  the  adsorption  proved  to  be  diffusion -liniited  and  the 
mathematically  predicted  charge -time  relationship  was  obtained.  The  adsorption  of  ethane  under 
these  conditions  is,  on  the  other  hand,  very  slow,  and  hence  a  similar  proof  may  not  be  obtained. 
Also,  corresponding  lo  this  situation  may  not  be  calculated  as  it  may  for  any  diffusion -con¬ 

trolled  adsorption.  The  only  test  available  here  for  the  significance  of  U  '  is  tne  exploration  of 

the  frequency-dependence  of  Q  '  for  fixed  values  of  the  adsorption  time,  T  .  Measurements  of 

£  £ 

Q  '  corresponding  to  T_  =  30,  100  and  1000  sec.  were  made  over  a  wide  range  of  sweep  speeds, 

V,  and  the  results  plotted  in  Fig.  6.  The  constancy  of  Q  '  over  the  lower  range  of  sweep  speeds 

£ 

is  most  simply  explained  as  being  due  to: 

(2) 


Qj,"  =  0  =  AQo 

and  Q_'  =  Q  =  constant,  for  constant  T  . 

hd  lid 


lower  range  of  v. 


(3) 


It  is  also  apparent  from  Fig.  6  that  expression  3  must  apply  to  increasingly  larger  values  of  v  as 
the  surface  coverage  with  ethane  decreases.  In  the  higher  range  of  sweep  speeds,  where  Q„'  is 
not  constant,  the  variation  may  have  one  or  more  of  the  following  origins: 
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Pig,  6.  Dependence  of  "Ethane  Adsorption  Charge"  Upon  Speed  of  The  Linear  Anodic  Sweep. 


1)  All  of  the  adsorbed  ethane  may  not  be  oxidised  by  the  time  (and  potential)  the 
"solvent"  and  "ethane"  traces  merge  at  high  potentials. 

2)  The  average  number  of  electrons  involved  in  oxidising  the  adsorbed  ethane  by 
means  of  the  linear  anodic  sweep  may  decrease  with  increasing  sweep  speed. 

3)  AQo  may  not  be  equal  to  xero  for  large  values  of  v. 

If  either  possibilities  1  and/or  3  were  correct,  the  surface  states  for  the  "solvent"  and  ethane 
traces  would  not  be  the  same  at  the  high  potential  end  of  the  linear  anodic  sweep,  and  the  traces 
might  be  expected  to  cross,  rather  than  to  merge.  This  is  already  apparent  in  Fig,  5  D.  More 
direct  evidence  was  obtained  hy  means  of  the  experiment  described  in  the  next  paragraph. 

Sequence  III  of  Table  HI  was  employed.  Ethane  was  allowed  to  adsorb  for  T  = 

1000  sec. ,  corresponding  to  the  most  obvious  deviations  of  Q^'  from  constancy  in  Fig.  6.  During 
step  F  a  l.a.  8.  of  variable  speed,  v,  was  applied  to  the  electrode  with  the  amplitude  of  the  sweep 
adjusted  to  the  value  at  which  the  "solvent"  and  "ethane"  traces  were  found  to  merge  or  intersect 
for  the  particular  value  of  v,  in  a  previous  experiment.  During  step  G,  the  surface  was  reduced 
for  100  msec,  (insufficient  time  for  appreciable  re>adsorption  of  ethane  from  solution)  and  during 
step  H  a  second  l.a.s.  of  speed  at  100  v. /sec.  was  applied  to  the  electrode.  In  the  argon* 
saturated  solution,  the  trace  obtained  during  steps  F  and  H  were  "solvent  traces"  and  identical 
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(if  F  and  H  were  of  identical  sweep  speed).  In  the  ethane -saturate  d  solution,  the  trcce  obtained 
from  step  H  would  be  th-'  "solvent"  trace  only  if  all  of  the  adsorbed  ethane  were  removed  during 
step  F.  It  was  found  that  for  values  of  v  greater  than  20  v.  /sec. ,  the  trace  obtained  during  step 
H  was  greater  in  area  than  the  "solvent"  trace,  proving  that  ethane  was  indeed  retained  past  step 
F  for  large  values  of  the  sweep  speed.  This  incomplete  oxidation  of  ethane  at  large  values  of  v  is 
at  least  one  reason  for  decrease  in  Q  '  with  increasing  v.  It  is  not  unlikely  that  the  other  two 
possibilities  listed  in  the  paragraph  above  also  contribute  to  the  frequency-dependence  at  larger 
values  of  v. 

As  in  other  applications  1-4,  7-9)  of  the  MPP  method,  l.a.s.  traces  corresponding 
to  any  fixed  set  of  conditions  were  found  to  superimpose  exactly  if  recorded  on  the  same  film. 

3.  Adsorption  of  Ethane  as  a  Function  of  Potential 

In  the  last  section  it  was  concluded  that  the  Q_'  =  =  constant  for  r.ny  fixed 

£  £ 

value  of  the  adsorption  time,  and  at  sufficiently  low  values  of  sweep  speed.  This  implies  that 
Q_'  may  be  used  as  a  measure  of  surface  coverage  with  ethane  under  the  proper  conditions.  One 
important  condition  is  that  v  not  be  chosen  too  small.  The  value  of  v  is  not  too  small  if  the  ad¬ 
sorption  has  not  yet  gone  to  completion  and  the  duration  of  the  l.a.  s.  is  negligible  (less  than  1%) 
compared  with  the  adsorption  time.  This  means  that  for  any  particular  surface  coverage  with 
ethane  there  is  a  definite  range  of  sweep  speeds  which  may  be  employed  for  accurate  estimation 
of  the  relative  surface  coverage.  A  value  of  v  of  100  v./sec.  and  10  v. /sec.  for  adsorption  times 
of  less  than,  and  greater  than  10  sec.,  respectively  can  be  shown  always  to  fit  into  the  safe  range 
of  sweep  speeds.  Using  these  sweep  speeds  and  sequence  I  of  Table  III,  "solvent"  and  "ethane" 
traces  were  obtained  for  a  range  of  values  of  U,  as  a  function  of  the  adsorption  time,  T  . 
Represents,  /e  traces  appear  in  Fig.  7.  Values  of  obtained  from  such  traces  are  plotted 
against  the  log  of  T_.  in  Fig.  8.  From  Fig,  7,  it  is  apparent  that  for  values  of  U  less  than  ap- 
proximately  0.  35  v,  noticeable  charge  is  included  under  the  current -time  trace  for  values  oi 
Tp  corresponding  to  potentials  less  than  0.4  v.  This  applies  to  both  the  "solvent"  and  "ethane" 
traces  ai  d  corresponds  to  the  presence  of  atomic  hydrogen  on  the  surface.  1  ’  topic  of 
hydrogen-adsorption  will  be  deferred  to  a  later  portion  of  this  section.  Only  which  is  a 
measure  of  adsorbed  ethane  species,  other  than  atomic  hydrogen  will  be  treated  in  the  next 
paragraphs. 

In  Fig.  8,  for  values  of  T^<  ~  14  sec.  the  values  of  coincide  for  values  of  U 
between  approximately  0.28  and  0.40  v,  and  provide  a  linear  plot  on  rectangviar  coordinates  (see 
Fig.  11).  For  T  >~  14  sec.,  much  of  the  data  falls  roughly  on  a  straight  line.  Where  these 
points  overlap  greatly,  only  the  average  value  and  the  average  deviation  is  supplied  for  those 
particular  values  of  T  .  In  the  range  20  sec.  <  T„  <  1000  sec.  data  points  which  do  not  fall  on 
the  linear  senilogarithmic  plot  fall  into  two  categories: 
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Fig.  8.  Semilogarithmic  Representation  of  Ethane  Adsorption  Data 
The  Symbol  "I"  Gives  The  Average  Value  and  Average  De^Hlation  of  That  Value 
in  Regions  Where  Data  Points  Overlap  Exteniiively. 

1)  Low  potential  (0.  15,  0.  20  and  0.  25  v}  points  initially  fall  below  the  linear  plot, 
but  tend  to  merge  with  it  as  T^  increases.  The  points  for  0.25  v  actually  do  merge  with  the  linear 
plot  whereas  the  lower  potential  points  do  not. 

2)  High  (U  >  0.  30  v)  potential  points  tend  to  follow  the  linear  plot  for  low  values  of 

I  ,  but  tend  to  break  away  from  it  at  higher  values  of  T  .  Pae  larger  the  value  of  U,  the  sooner 

the  departure  from  linearity.  Values  of  Q  measured  at  T„  =  100  sec.,  are  plotted  against  U  in 

Fig.  9.  It  is  apparent  from  Fig.  9,  that  at  high  and  low  potentials,  log  Q  changes  rapidly  with 

£ 

potential  (for  T_  =  100  sec. )  but  that  a  plateau  value  exists  for  0.  28  ^  U  <  ~  0.  36  v.  This  is 

£ 

consistent  with  the  idea  that  Q  is  related  to  an  apparent  rate  of  adsorption.  At  low  potentials, 
the  potential -inuependent  "true"  rate  of  adsorption  is  opposed  by  a  potential -dependent  rate  of 
desorption.  At  high  potentials,  the  "true"  rate  of  adsorption  is  opposed  by  the  potential -dependent 
rate  of  oxidation  of  adsorbed  ethane.  By  this  argument,  the  plateau  potentials  of  Fig.  9  are  those 
a'  which  me  rates  of  desorption  and  oxidation  of  ethane  are  insignificant  compared  with  the  true 
rate  of  adsorption.  Since  0.  3  v  lies  within  this  plateau  region  of  potentials,  it  was  this  potential 
which  was  chosen  for  the  experiments  in  the  following  section. 
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Fig.  11.  Charge  Corresponding  To  Ethane  Adsorption  For  Solutions  Saturated  With 
Ethane -Argon  Mixtures  of  Various  Compositions  (Large  Adsorption  Times). 

4.  The  Effect  of  Ethane  Concentration  on  Ethane  Adsorption 

The  results  of  the  previous  paragrc^ih  suggest  that  at  0.  3  v.  the  amount  of  ethane  I 

adsorbed  is  governed  by  a  (relatively)  potential -independent  "true"  rate  of  adsorption.  In  this 

section,  the  effect  of  ethane  concentration  on  the  rate  of  adsorption  of  ethane  at  0.  3  v  will  be 

explored.  Sequence  I  of  Table  III,  with  U  =  0.  3  v,  was  employed  in  making  the  measurements. 

The  solution  was  saturated  with  bottled  and  previously  analysed  (mass  spectrograph)  gas  mixtures 

of  ethane  and  argon.  war  measured  as  a  function  of  adsorption  time  for  each  gas  mixture,  as 

described  in  previous  sections.  The  results  for  small  values  of  T  are  plotted  on  rectangular 

iL 

coordinates  in  Fig.  10  and  the  results  for  larger  values  of  T^,  are  plotted  on  semi -logarithmic 
coordinates  in  Fig.  11.  Figure  10  reveals  a  fairly  linear  dependence  of  the  initial  rate  of  ad-  ! 

sorption  upon  ethane  concentration. 

5.  Hydrogen  Co-deposition 

The  CO -deposition  of  hydrogen  on  a  surface  partially  covered  with  another  ad¬ 
sorbate  may  provide  information  on  the  structure  of  the  ad-layer  (1).  Sequence  II  of  Table  II 
was  employed  in  the  measurements  on  a  solution  saturated  with  ethane.  The  value  0.4  v.  was 
chosen  for  U  simply  because  at  this  potential  there  ic  ordinarily  no  hydrogen  present  on  the 
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Fig.  12.  Hydrogen  Co-deposition  Traces  Obtained  in  Ethane -Saturated  Solution 
(Sequence  II,  Table  III,  With  U  =  0.4  v. ,  v  =  50  v./sec.). 

surface  (10).  Representative  current-time  (potential)  traces  obtained  upon  application  of  linear 
cathodic  sweep  (I.c.s.)  F  (v  =  50  v/sec.),  appear  in  Fig.  12.  Trace  1  of  the  figure,  obtained  after 
10  msec.  adsorpt.ion  time  in  the  ethane -saturated  solution,  is  identical  with  the  trace  obtained  in 
an  argon -saturated  solution  over  a  wide  range  of  T_,  and  represents  hydrogen -adsorption  on  a 
surface  free  of  ethane.  The  traces  corresponding  to  the  surface  partially -covered  with  ethane 
merge  withtrace  1  in  the  low -potential  region  (of  hydrogen  gas  evolution).  The  area  enclosed 
between  trace  1  of  Fig.  12  and  the  trace  corresponding  to  any  value  of  T  is  equivalent  to  a  charge 

JL 

which  will  be  referred  to  as  A-Q„.  This  charge  may  serve  as  a  measure  of  surface  sites  covered 

o  rl 

with  ethane  subject  to  making  several  assumptions  which  will  be  discussed  later.  One  obvious  con¬ 
dition  which  must  be  met  is  that  the  deposition  of  hydrogen  does  not  cause  desorption  of  adsorbed 
ethane.  It  is  possible  to  check  this  point  directly  in  this  case  as  it  was  for  carbon  monoxide  ad¬ 
sorption  (1).  Sequence  IV  of  Table  III  was  employed  with  U  =  0.4  v,  and  for  an  adsorption  time, 

T_,  of  100  sec.  During  step  T,  hydrogen  was  co-deposited,  and  the  amplitude  of  the  l.c.s.  of 
step  F  was  adjusted  to  the  potential  at  which  traces  3  and  1  merge  in  Fig.  12.  Step  G  was  intro¬ 
duced  to  eliminate  adsorbed  hydrogen  and  minimize  the  concentration  of  dissolved  hydrogen,  so 


(10)  A.  N.  Frumkin,  Chap.  V.  in  "Advances  in  Electrochemistry  and  Electrochemical  Engineer¬ 
ing",  P.  Interscience  Pub.,  N.  Y. ,  1963. 


that  current-contributions  from  these  species  would  not  interfere  with  th'j  measurement  of  the 
current -time  trace  corresponding  to  step  H.  When  step  F  was  eliminated,  an  "ethane"  trace 
identical  with  that  of  Fig.  5  was  obtained.  When  step  F  was  included,  a  trace  almost  identical 
with  that  of  Fig.  ?  was  again  obtained.  This  is  proof  that  ethane  is  not  appreciably  desorbed 
under  these  conditions  of  hydrogen -codeposition,  for  if  desorption  did  occur  during  step  F,  step 
G  does  not  allow  appreciable  time  for  the  re -adsorption  of  ethane,  and  the  resulting  "ethane" 
trace  would  display  decreased  currents.  Although  there  is  no  evidence  of  appreciable  desorption 
of  ethane  under  these  specific  conditions,  the  rate  of  desorption  of  ethane  at  potentials  in  the 
vicinity  of  0  v  is  found  to  be  appreciable  (section4.  1.2.4).  The  reason  this  causes  no  problem, 
in  this  situation,  is  that  the  low  potentials  are  maintained  only  very  briefly  during  ;ep  F  of  the 
sequence. 

The  second  assumption  made  in  interpretation  of  A  -.Qu  i*  similar  to  the  com.nonly- 

o  n 

made  assumption  that  a  monolayer  of  hydrogen  is  achieved  at  hydrogen  pressures  approaching  one 

atmosphere  in  the  gas -phase  system.  Even  if  this  assumption  is  not  rigorously  correct, 

may  be  expected  to  serve  as  a  measure  of  ethane  surface  coverage  if  the  kinetics  of  hydrogen- 

evolution  are  not  drastically  (more  than  linearly)  influenced  by  the  ethane.  The  fact  that  the  traces 

of  Fig.  12  do  tend  to  merge  suggests  that  this  is  the  case. 

A  plot  of  vs.  Q_  appears  in  Fig.  13.  There  is  no  obvious  change  in  slope 

S  H  E 

with  increase  in  Q_  Hence  there  is  no  evidence  for  a  discrete  change  in  the  average  number  of 
E 

bonds  per  ethane  ad-molecule  with  increase  in  surface-coverage.  The  slope  of  the  plot  is  0.  37. 


6.  Hydvogen-Adsorption  at  Fixed  Potential 

a)  Measurement  of  Hydrogen  Vdsorption  by  Means  of  a  Linear  Anodic  Sweep 
1)  Argon -Saturated  Solution 

The  kinetics  of  hydrogen  deposition  and  removal  are  rapid  on  a  clean  platinum 
surface,  and  there  is  a  reauily  established  equilibrium  surface  coverage  corresponding  to  any 
constant  potential,  U  (10).  The  charge,  0^^,  corresponding  to  hydrogen  deposited  at 
potential  U  may  be  measured  with  high  reproducibility  employing  the  MPP  method  and  integrating 
the  appropriate  portion  of  the  trace  obtained  upon  applying  a  l.a.s.  to  the  electrode  (3).  is 
reflated  to  the  measured  charge,  Cl^^,  by  (3): 

aSi  ""  Si  ^  ^dl  (4) 

v.’here  Q_  and  Q  are  diffusional  and  capacitive  contributions  to  the  charge,  respectively.  For 
D  dl 

U  >  0.06,  Q_  may  be  shown  to  be  negligible  compared  with  Q  for  l.a.s.  speeds  of  over  10  v/sec. 
—  D  H 

(3).  Q  may  be  exoected  to  be  quite  small  compared  with  Q  and  an  approximate  correction  may 
d  1  ‘  H 

b€!  made.  For  these  experim-uitt:,  sequence  f  of  T’bl.^  'il  was  employed  with  v  =  100  v/sec. 

The  traces  obtainc.d  upon  application  of  step  F  of  t,  sequence  are  similar  to  the  "solvent"  traces 
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13.  Effect  of  Ethane  Adsorption  On  Hydrogen  Adsorption.  is  The  Reduction 

In  Charge  Corresponding  To  "Saturation  Coverage"  With  Hydrogen.  AQ  is 

H 

The  Reduction  in  Hydrogen  Charge  Occurring  At  Fixed  Potential. 


U .  VISITS 

Charge  Corresponding  Tc  Equilibrium  Surface  Coverage  With  Hydrogen. 


Fig.  14. 


of  Fig.  7.  Since  only  the  "hydrogen  region"  was  of  interest  in  this  experiment,  the  highest  pos¬ 
sible  sensitivities  were  used  for  both  the  current  and  time  axes,  eliminating  that  portion  of  the 
trace  lying  above  approximately  0.  5  v.  To  obtain  the  current -tim^-  trace  was  integrated  to 

the  time  corresponding  to  a  potential  of  0.  5  v.  Integration  to  higher  potentials  (to  include  over¬ 
lap  of  hydrogen,  into  the  "double  layer"  region)  was  not  necessary  for  the  moderate  sweep  speed 

used.  Values  of  Q  were  identical  (to  within  a  few  percent)  for  values  of  T  from  10  msec  to 
a  H 

over  100  sec.,  in  accordance  with  the  expected  rapid  attainment  of  equilibrium  hydrogen  surface- 

coverage.  The  10  sec.  values  of  Q  are  plotted  against  U  in  Fig.  14.  The  point  corresponding 

a  H 

to  0  V  was  obtained  by  comparison  with  previous  (3)  data.  An  approximate  correction  for 
may  be  mad 2  by  using  the  expression: 

^dl  =  C  (0.  5  -  U)  (5) 

where  the  capacitance  C  is  assumed  to  have  the  constant  value  70jifd/cm*.  Values  of  obtained 
through  use  of  equations  4  and  5  are  also  plotted  in  Fig.  14. 

2)  Ethane -Saturated  Solution 

In  the  paragraphs  immediately  above,  it  was  demonstrated  that  in  argon- 

saturated  solution,  the  equilibrium  surface  concentration  of  hydrogen  is  established  within  the 

first  few  milliseconds  and  persists  indefinitely.  In  the  presence  of  dissolved  ethane,  the  initial 

surface  concentration  of  hydrogen  is  the  equilibrium  value  for  the  clean  surface  but  decreases  as 

ethane  is  adsorbed.  Q  was  measured  as  a  function  of  adsorption  time,  T_,  for  U  =  0,  15  and 

H  td 

0,20  as  in  section  6. a.  1).  above.  The  decrease  in  Q  from  the  value  for  T_  =  10  msec. , 

H  H  ill 

is  plotted  against  values  of  Q_  in  Fig.  13.  The  decrease  is  approximately  linear  at  0.20  v.  The 

£ 

plateau  corresponds  to  the  absence  of  any  hydrogen  on  the  surface  after  the  surface  concentration 
of  ethane  exceeds  a  critical  value. 

b)  Measurement  of  Hydrogen  Adsorption  by  Means  of  an  Anodic  Step 

An  alternative  method  for  the  measurement  of  Q  is  to  apply  an  anodic  step 

H 

from  potential  U  to  0.4  v,  at  which  potential  any  hydrogen  present  on  the  surface  is  rapidly 
stripped  off.  The  quantity  analogous  to  Q  is  obtained  by  integration  of  the  resulting  current- 
time  trace  to  the  point  at  which  the  current  apparently  drops  to  zero.  The  quantity  is  then  ob¬ 
tained,  as  for  the  l.a.s.  experiment  by  making  approximate  correction  for  the  capacitive  charge. 
The  use  of  a  potential  step  has  an  advantage  over  a  l.a.s.  when  making  measurement  of  Q 

H 

starting  from  an  of  en -circuited  condition.  In  the  latter  case  it  would  be  necessary  to  make  very 
careful  adjustment  of  the  l.a.s.  D.C.  voltage  level,  which  is  instrumentally  difficult.  Values  of 
Q  for  the  argon -saturated  solution  were  measured  by  means  of  sequence  V,  Table  III  for  U  = 

0.  12,  0.  24  and  0.  36  v  to  check  against  the  values  already  obtained  by  means  of  the  l.a.  s.  (Fig. 
14).  The  values  were  found  to  agree  to  within  a  few  percent. 
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7.  Open-Circuit  Potentials  and  the  Measurement  of  Hydrogen  Surface -Coverages 

The  measurements  of  hydrogen-adsorption  reported  above  were  all  made  after  a 
specified  time  at  a  fixed  potential,  U  Under  these  conditions,  it  is  the  potential  and  the 
instantaneous  surface  state  (which  depends  on  elapsed  time)  which  determine  the  surface  cover¬ 
age  with  hydrogen.  If  on  the  other  hand,  the  circuit  is  opened  after  the  pre -treatment  sequence, 
the  open-circuit  potential  (o.c.p.)  and  the  surface  coverages  with  hydrogen  and  ethane  are  all 
inter -dependent  and  have  a  complex  dependence  on  time. 

The  potential  sequences  of  Fig.  4  and  Table  III  were  chosen  so  that  by  the  end 
of  step  D  of  any  sequence  there  would  be  a  minimum  of  dissolved  oxygen  gas  in  solution  and 
only  10"*  atmospheres  of  hydrogen  in  equilibrium  with  the  electrode.  Step  E  of  sequence  VI 
was  introduced  to  remove  adsorbed  hydrogen  from  the  electrode  surface  and  to  deplete  further, 
til  concentration  of  dissolved  hydrogen  at  the  electrode-solution  interface.  If  no  dissolved 
hydrogen,  oxygen  or  other  adsorbable  and/or  electrochemically  active  material  were  present  in 
solution,  the  o.c.p.  of  the  electrode  would  remain  indefinitely  at  0.  4  v  during  step  F  of  sequence 
VI.  Oxidizeable  and  reducible  species  would  tend  to  drive  the  o.c.p,  downward  rnd  upward,  re¬ 
spectively.  The  mere  adsorption  of  a  non -electrochemically  active  material  would  change  the 
o.c.p.  simply  by  changing  the  capacitance  of  the  double  layer.  Under  the  present  actual  con¬ 
ditions,  in  an  argon-saturated  solution,  the  o.c.p.  varies  in  the  manner  indicated  in  Fig.  15. 
Within  the  first  100  msec,  the  potential  drops  from  0.  4  v  to  0,  33  v,  which  corresponds  to 
equilibrium  with  10"^^  atmospheres  of  hydrogen.  The  potential  does  not  rise  above  0.4  v  for  5 
sec.  The  subsequent  rise  in  potential  from  0,4  v  to  0.8  v  ("double  layer"  region)  involves  only 
sufficient  depolarizing  action  to  change  the  charge  stored  in  the  ionic  double  layer,  whereas  a 
rise  in  potential  above  0.  8  v  would  require  sufficient  charge  to  initiate  oxidation  of  the  platinum 
surface  (10).  The  slow  drift  in  potential  between  1  and  100  sec.  could  correspond  to  approxi¬ 
mately  10"^  atmospheres  of  oxygen  or  its  equivalent. 

In  the  0  —  100  sec.  range,  in  the  presence  of  a  solution  saturated  with  ethane,  the 
o.c.p.  first  tends  to  a  plateau  at  0.  Z2  v  and  then  rises  again  (Fig.  15).  These  low  potentials, 
compared  with  the  argon-saturated  solution  must  correspond  to  the  presence  of  hydrogen  on  the 
surface  resulting  from  the  dissociative  adsorption  of  ethane.  By  application  of  step  G  of  sequence 
VI,  Table  III,  a  current -tim  •  trace  corresponding  to  the  amount  of  hydrogen  accumulated  after  a 
f  pecified  time,  T  at  open-circuit  was  obtained.  Q  was  determined  from  the  current-time  trace 

r  11 

as  outlined  in  section  b.  b.  and  the  results  plotted  against  the  o.c.p.  in  Fig.  14.  The  values  of 
Q  at  any  potential  are  lower  than  the  corresponding  equilibrium  values  for  the  ethane-free  sur  - 
face.  This  is  similar  to  the  observation  already  made  at  constant  potential.  The  points  for  the 
lowest  potentials  correspond  to  the  largest  adsorption  times  (within  the  first  100  sec.).  Therefore 
it  is  apparent  from  Fig.  14  that  the  largest  amounts  of  hydrogen  are  obtained  at  higher  values  of 
the  potential  and  shorter  adsorption  times.  This  seems  like  an  anomal/,  but  is  not,  since  at 
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larger  values  of  T  the  amount  of  ethane  on  the  surface  is  comparatively  large  and  the  amount  of 
hydrogen  which  may  remam  co -adsorbed  is  relatively  small,  in  spite  of  the  low  potentials.  Only 
if  all  of  the  hydrogen  which  resulted  upon  adsorption  of  ethane  were  retained  on  the  surface,  would 
the  ratio  Q  /Q_  be  an  indication  of  the  extent  of  dehydrogenation  of  adsorbed  ethane. 

8.  Ethane  Adsorption  at  Open-Circuit 

The  adsorption  of  ethane  at  open-circuit  may  be  regarded  as  a  special  case  of 

adsorption  at  constant  potential.  The  situation  is  complicated,  since  the  instantaneous  rate  of 

adsorption  depends  both  on  the  instantaneous  surface  coverage  with  ethane  and  on  the  instantaneous 

potential.  It  would  therefore  be  reasonable  to  expect  the  results  to  depend  considerably  on  the 

initial  state  of  the  surface.  The  pre -treatment  sequence  results  in  an  initial  potential  at  open- 

circuit,  which  lies  in  the  "double  layer"  region  and  which  remains  in  this  region  of  potentials  for 

considerable  time.  The  initial  conditions  are  quite  close  to  a  "neutral"  situation  and  hence  of 

general  interest.  Sequence  VI  of  Table  III  was  employed  to  obtain  values  of  Q  as  a  function  of 

adsorption  time  T  at  open-circuit.  After  removal  of  adsorbed  hydrogen  during  step  G  of  the 
r 

sequence,  Q  was  obtained  by  the  previously  described  integration  of  the  current -time  traces 
obtained  upon  application  of  l.a.  s.  at  H.  The  values  of  obtained  are  plotted  on  Fig.  8.  For 
small  values  of  T  ,  the  points  fall  below  the  linear  semi-log  plot  obtained  for  constant  potentials 

r 
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of  abc  0.2  —  0.  3  V  co^fesponding  to  the  initial  low  o.c.p.  'b  achieved.  At  larger  values  of 

the  adsorption  follows  the  linear  seniilog  plot  corresponding  to  the  medium  o.c.p.  's  achieved.  At 

the  largest  values  of  T  ,  when  the  o.c.p.  rises,  the  apparent  rate  of  adsorption  decreases  in  more 

than  an  exponential  manner  with  increase  in  Q„,  corresponding  to  similar  observations  made  at 

£ 

constant  high  potentials. 


C .  Discussion 
1.  The  Significance  of 

Application  of  a  linear  anodic  sweep  (l.a.s.)  to  an  electrode  (partially)  covered 

with  ethane,  results  in  the  measurement  of  a  charge  Q  '  after  correction  for  electrode  capacitance 

and  for  the  oxidation  of  the  platinum  surface.  Q  '  has  the  constant  (for  any  constant  surface- 

£ 

coverage  with  ethane)  value  Q  if  the  sweep  speed  falls  into  the  proper  range.  Under  these 

£ 

conditions  Q  correspond  to  removal  of  ethane  adsorbed  before  the  application  of  l.a.s.  In  this 

range,  the  maximum  value  of  sweep  speed  v  for  any  particular  amount  of  ethane  adsorbed  is  given 

by  a  plot  such  as  those  of  Fig.  6.  The  required  minimum  sweep  speed  must  have  a  duration  which 

is  negligible  (<  ~1%)  compared  with  the  adsorption  time,  provided  that  the  adsorption  is  not  yet 

complete.  Decreases  in  Q  '  observed  at  high  values  of  v  correspond  in  part,  at  least,  to  cor  res- 

ponding  decrease  in  Q  due  to  the  fact  that  all  of  the  adsorbed  ethane  is  not  removed  during  the 

£ 

sweep. 


To  relate  Q  to  a  quantity  of  adsorbed  ethane,  it  is  necessary  to  have  some  know- 
ledge  the  composition  of  the  ad-layer  and  of  the  products  of  application  of  the  l.a.s.  First  we 
must  note  that  Q  includes  charge  corresponding  to  ethane  species  other  than  atomic  hydrogen. 

Let  us  assume  that  there  are  "i"  different  adsorbed  ethane  species,  each  requiring  the  removal  of 
n.  electrons  per  molecule  before  the  species  is  removed  from  the  surface.  Then; 


=  E  n.F  . 
E  i  1  E,  1 


(6) 


where  F  is  the  Faraday  constant,  and  F  _  .  is  the  concentration  of  species  "!"  in  moles/cm^. 

E,  i 

Since  Q.,  remains  constant  for  low  values  of  v,  it  seems  reasonable  to  conclude  that  the  same 

E 

products  of  oxidation  of  the  ethane  occur  during  the  slow’  l.a.s.,  as  do  nt  steady-state.  The 
steady-state  products  are  carbon  dioxide  and  water  (14,  15).  It  is  generally  assumed  that  saturated 
hydrocarbons  adsorb  by  dissociation  of  one  or  more  carbon -hydrogen  bonds.  For  hydrocarbon 
species  ranging  from  stoichiometry  Cs  to  CgHe,  the  value  of  n.  would  range  from  8  to  13.  This 
serves  to  indicate  the  maximum  ei  ror  possible  in  evaluating  r_  from  Q  .  Hydrogen  co- 
deposition  data  discussed  below  actually  suggest  the  average  otoicalometry  C3H3  for  which  n  =  10. 


(14)  W.  T.  Grubb  and  L.  W.  Niedrach,  Proc.  17th  Annual  Power  Sources  Conf. ,  Atlantic  City, 
N.J.,  p.  69  (1963). 

(15)  M.J.  Schlatter,  "Fuel  Cells",  G.J.  Young,  editor.  Re  inhold  Pub.  Co.,  N.  Y. ,  p.  190  (1963). 
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Further,  the  largest  value  of  measured  in  this  work  was  6.  6  X  10"*  coul.  /cm®  (for  U  =  0.  E8  v, 
Fig.  8),  and  (from  paragraph  ■*  helow)  this  may  correspond  to  a  mono-layer;  The  value  of  F 

E 

corresponding  to  this  maximum  surface  coverage  is,  from  equation  6,  F  =  8.  6  x  10"  * moles  / cm® 

E 

or  5.  2  X  lO'  *  rnolecules/cm® .  Corre''(ion  for  a  roughness  factor  of  1.  5  results  in  5.  7  x  10"  ’ 
moles/cm®  or  3.  5  x  10^*  molecules /crr“^ . 

2.  Structure  of  the  Ethane  Ad-Layer 

It  was  shown  that  Q  provides  an  overall  measure  of  the  amount  cf  adsorbed  ethane 

11j 

on  the  surface  but  does  not,  in  itself,  provi'^e  information  of  the  number  of  species,  their  struc¬ 
ture,  or  stoichiometry.  Two  other  experiments  provide  a  clue  to  the  solution  of  these  problems. 
These  are  described  below. 

a.  Hydrogen  Co-deposition. 

On  the  clean  surface,  qQ„  is  the  charge  corresponding  to  hydrogen-deposition 
preceding  large-scale  hydrogen  evolution.  This  charge  is  diminished  when  ethane  adsorbs  on  the 
surface.  The  decrease  A  Q  is  related  to  Q  as  indicated  in  Fig.  13.  A  simple  physical  inter- 

O  11 

pretation  of  the  data  may  be  made  if  the  following  assumptions  are  made: 

1)  increases  because  a  definite  bond  appears  between  the  ethane  and  the 
surface  and  the  formation  of  one  ethane -surface  bond  precludes  the  deposition  of  one  hydrogen 
atom. 

2)  No  steric  effects  block  the  co-deposition  of  hydrogen  atoms. 

3)  Only  a  small  number  of  carbon -carbon  bonds  are  dissociated. 

does  not  vary  for  reasons  involving  the  kinetics  of  hydrogen  evolution. 

Some  evidence  that  assumption  4)  is  approximately  valid  is  offered  by  the  fact  that  the  traces  of 
Fig.  12  do  ineige  ^n  the  neighborhood  of  0  v,  where  a  (approximate)  monolayer  of  hydrogen  is 
;  belie /ed  to  exist  on  the  clean  surface  (10).  The  additional  requirement  that  the  deposition  of 
I  hydrogen  not  cause  desorption  of  ethane  under  the  conditions  of  this  experiment,  has  been 
1  verified  experimentally  as  has  already  been  described.  Some  evidence  that  assumption  3)  is 
correct  comes  from  the  experiments  of  Niedrach  who  desorbed  and  analyzed  the  products  ob¬ 
tained  by  the  hydrogenation  of  adsorbed  ethane.  On  platinum  at  room  temperature,  Niedrach 
found  only  a  small  percentage  of  methane  (balance,  ethane)  even  after  several  hours  of  adsorption, 
suggesting  a  small  percentage  of  carbon-carbon  cleavages . 

Assume  the  formation  of  a  single  adsorbed  species,  CgHe-p,  resulting  from 
the  dissociation  of  p  carbon -hydrogen  bonds  and  the  formation  of  p  bonds  with  the  surface.  Sub¬ 
ject  to  the  assumptions  discussed  above,  the  following  expression  may  be  written  for  A  Q  : 

^S°H  '  "h  '"h  =  P  '"e 

where  n^^  =  number  of  electrons  required  to  deposit  one  hydrogen  atom  =  1 

-  surface  concentration  of  hydrogen  sites  blocked  by  the  formation  of  surface -ethane  bonds 
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Dividing  equation  7  by  equation  6 


w; 


A  Q 

_S_H  ^  £ 


* 


14  -  p 


(8) 


The  theoretical  values  of  A„Q  /Q  calculated  for  values  of  "p"  of  3,  4  and  5,  are  0.27,  0.40  and 

o  H  £ 

0.  56,  respectively.  The  value  of  A  Q  /Q  obtained  as  the  slope  of  the  appropriate  plot  of  Fig.  13, 

o  H  £ 

is  0.375,  which  best  corresponds  to  the  value  p  =  4,  and  the  stoichiometry  CsHg,  based  on  the 
simple  interpretation  of  hydrogen  co-deposition  discussed  above. 

The  existenct.  of  a  stoichiometry  of  CgH^  for  the  ethane  ad-layer  may  have  the 
following  different  significances: 

1)  This  may  be  a  predominant  stoichiometry,  with  t^mall  an.ounts  of  species  of 
different  molecular  weight. 

2.)  This  may  be  an  average  stoichiometry,  with  considerable  amounts  of  species 

with  higher  and  lower  hydrogen  content.  The  absence  of  a  discernable  change  in  slope  for  the 

A  Q  plot  of  Fig.  13,  seems  to  rule  out  the  possibility  that  there  is  discrete  and  step-wise 
S  H 

adsorption  of  species  of  more  than  one  stoichiometry.  Possibility  2  cannot  be  ruled  out.  It  is 
possible  that,  contrary  to  the  assumption)?  made  in  deriving  equ£.'..on  8,  the  dissociation  of  one 
carbon -hydrogen  bond  does  not  lead  to  the  formation  of  a  one  carbon-surface  bond, 
b.  Ethane  Adsorption  at  Open-Circuit 

When  ethane  adsorbs  dissociatively  at  fixed  potentials  higher  than  approximately 
0.3  V,  the  surface  concentration  of  hydrogen  soon  drops  to  a  negligible  value.  Any  atomic  hydro¬ 
gen  r  eleased  during  the  adsorption  escapes  via  an  electrochemical  route.  At  open-circuit,  the 
hydrogen  produced  during  adsorption  may  be  largely  retained,  and  may  serve  as  an  indication  of 
the  stoichiometry  of  the  process.  Again  assume  that  p  carbon -hydrogen  bonds  are  broken  per 
molecule  of  ethane  adsorbed.  If  these  hydrogen  atoms  remained  on  the  surface,  then,  analogous 
to  equation  8, 

Qk''Qe  =  p/('4-p)  (9) 

The  major  difference  between  the  significance  of  equations  8  and  9  is  that  A  Q  is  a  measure  of 

o  H 

hydrogen  co-deposited  on  a  previously  hydrogen -free  surface,  whereas  Q  is  a  measure  of  hydro- 

H 

gen  resulting  from  the  adsorption  of  ethane.  The  ratio  Q  /Q  was  found  to  have  the  values  0.6, 

H  £ 

0.  4  and  0.  5  after  2,  5  and  10  sec. ,  respectively,  and  then  dropped  off  to  zero,  presumably  due  to 
recombination  of  hydrogen  atoms  by  the  over -all  reaction: 

(10) 

A  second  complication  is  that  hydrogen  need  not  appear  by  the  simple  dissociation  of  ethane,  but 
could  also  result  from  electrochemical  oxidation  of  ethane  at  low  surface  coverages: 

(11) 


2  H  -  t 


CgHs-p  +  HgO  =  oxidation  products  +  ae 
aH  ^  +  ae  -•  aH  (adsorbed) 


(12) 
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Because  of  these  possible  complications  and  the  fact  that  the  ratios  of  Q  /Q  are  greater  than 

H  E. 

zero  only  for  small  values  of  both  Q  and  Q  {where  the  possible  error  in  taking  the  ratio  is  high), 

ri  E 

we  may  conclude  only  that  the  results  are  not  inconsistent  with  an  adsorption  involving  the  rupture 
of  several  carbon -hydrogen  bonds  per  molecule. 


3.  The  Kinetics  of  Ethane  Adsorption 

The  rates  of  ethane  adsorption  measured  in  this  work  are  so  small  (less  than  one- 
hundredth)  tlie  comparable  estimated  diffusion  rates,  that  no  correction  for  concentration  changer- 
will  be  made,  and  the  concentration  of  dissolved  ethane  adjacent  to  the  solution  will  be  assuriier- 
equal  to  the  bulk  concentration. 

Values  of  Q  are  plotted  against  the  log  of  adsorption  time,  T  ,  in  F^g.  8  for  a 
solution  of  1  N  perchloric  acid  saturated  with  ethane.  For  a  c“itical  examination  of  the  plots,  first 
observe  that  the  slope  of  the  semilog.  plot  is  related  to  a  rate  of  adsorption  by: 


Slope 


d 

d  In  T. 


E  d  T, 


Rate  of  Adsorption 


=  Slope/ T, 


The  linear  semilog.  plot  which  (approximately)  joins  much  of  the  data  for  T  >  ~  14  sec.  has  the 
property  (according  to  equation  14)  that  although  the  slope  remains  constant,  the  rate  of  adsorption 
drops  off  in  inverse  proportion  to  T  .It  is  also  a  consequence  of  this  type  of  representation  of 
the  data,  that  although  the  slope  of  some  of  the  non-linear  plots  is  more  steep  (than  the  linear  plot) 

for  larger  values  of  T...,  the  rate  of  adsorption  never  exceeds  the  linear  semilog.  law  for  any 

■  ' 

fixed  value  of  Q.,. 

-  E 

As  previously  noted,  the  maximum  (linear  semilog. )  law  is  the  one: 

1)  Followed  at  medium  values  of  the  potential,  starting  from  =  0  to  >  100  sec. 

2)  Approached  at  low  potentials  foi  large  values  of  T  . 


3)  Followed  at  high  potentials  for  small  values  of  T  . 

JL4 

These  observations  and  the  plateau  of  Fig.  9  suggest  that  the  apparen 


represented  by: 


R  -  R  -  R  -  R 

ad  a  ox 


rate  of  adsorption,  R,  may 


where  R  ,  =  potential -inuependent  rate  of  adsorption  of  ethane 
ad 

R  ,  =  potential -dependent  rate  of  desorption  of  adsorbed  ethane 

d 

R  =  potential -d  pendent  rate  of  oxidation  of  adsorbed  ethane 
ox 

The  linear  semilog.  plot,  and  maximum  adsorption  rate  of  Fig.  8  corresponds  to  R  .  According 

ad 

to  this  argument,  for  the  higher  values  of  potential,  R  =  0.  If  the  potential  is  not  too  high,  R  is 

d  ox 


at  first  negligible  compared  with  but  sta/s  approximately  constant  with  time,  whereas 

drops  off  rapidly.  For  some  value  of  T^,  finally  becomes  significant  compared  with  and 

we  have  a  deviation  from  the  maximum  adsorption  law.  At  low  potentials,  R^^  =  0,  but  R^  is 

initially  significant  compared  with  R^^  and  the  apparent  rate  of  adsorption  is  smaller  than  R^^* 

Although  R  .  falls  off  with  time,  R  ,  must  fall  off  even  more  rapidly,  and  eventually  R  ,  becomes 
ad  d  d 

'.legligible  (for  potentials  which  are  not  too  low)  compared  with  R  .,  and  the  points  tend  to  ap- 

ad 

proach  the  linear  semilog.  plot. 

Corresponding  to  the  linear  semilog.  plot  of  Fig.  8  for  values  of  T  <~  14  sec., 

£ 

a  linear  plot  is  obtained  on  rectangular  coordinates  for  T  =  0  to  14  sec.  for  potentials  of  0.  3 

£ 

and  0.4  v.  These  points  correspond  to  the  maximum  rate  of  adsorption  for  small  values  of  T 

£ 

and  presumably  correspond  to  R^^«  In  Fig.  10,  appear  the  linear  (on  rectangular  coordinates) 
portions  of  the  Q^j,  vs  T^,  data  for  el«  rolyte  saturated  with  ethane -argon  mixtures  of  several 
compositions.  The  data  of  Fig.  10  may  be  represented  empirically  by: 

Qe  =  1'iCT^  (16) 

where  C  =  concentration  of  dissolved  ethane  in  moles/cm* 

,  ,  ^  ,  caul.  .'Cm 

k,  =  appropriate  cons^  in  — ; - 

1  mole-se’'. 

Assume  that  for  a  solution  saturated  with  I00'’7c  ethane,  C  has  the  value  for  the  solubility  of  ethane 

in  water  at  60°C  or  (by  estimation)  1.8  X  10“®  moles/cm*  (12).  Then  assuming  the  applicability 

of  Henry's  Law,  is  obtained  from  the  slopes  of  Fig.  10, 

,  ,  „  coul.  -ern 

k  =  5.0  ; -  17 

mole -sec. 

with  an  average  deviation  cf  0.2  units. 

In  Fig.  11  appear  semilog.  plots  corresponding  to  the  gas  mixtures  of  Fig.  10,  but 
for  larger  values  of  T  .  These  plots  may  be  described  empirically  by: 


Qe  "  tT 


for  Q  >  0,  1  mcoul./cm^. 


where  T^  is  the  x  -  intercept  obtained  by  extrapolation  of  the  approximately  linear  portion  of  each 


plot  backward  to  Q 


0.  Since  the  linear  plots  are  parallel  kg  is  constant  and  has  the  value. 


V-  =  3.9  X  10~*  coul. /cm® 

The  intercept  Tq  may  be  related  to  the  concentration  of  ethane  by: 

To  =  ka/C 

from  the  experimental  plots  of  Fig.  11,  ka  is  found  to  have  the  value. 


ka  =  3.  3  X  10 


6  sec,  -cm 
mole 


with  an  average  deviation  of  0.  1  x  lO"  units. 


J2)  O.C.  Culbertson,  A.  B.  Horn  and  J.J.  McKetta,  Trans.  Am.  Inst.  Mining  Met.  Engrs., 
Petrol.  Div. ,  189,  1  (1950). 
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Thus  far,  no  physical  signifir.anct  has  been  assigned  to  the  empirical  relat  nships 
16  and  18,  This  may  now  be  attempted.  Assuming  simple  Langmuir  kinetics  lor  the  adsorption, 

rr  -  ~  ^  k,  c(i.6 )  (22) 

E  E 

where  6_  is  the  fractional  surface  coverage  with  ethane,  and  m  is  the  order  of  the  adsorption 

SLi 

reaction.  For  small  values  of  0^  and  of  .m, 

E 

=  ki  C  (23) 

E 

which  upon  integration  gives  equation  16.  Therefore  equation  16  is  the  initial  constant  rate  of  ad¬ 
sorption  for  a  system  following  simple  Langmuir  kinetics  of  unknown  order. 

An  initial  comprehension  of  the  significance  of  the  experimental  relationship  18 
follows  from  the  observation  that  when  Q  becomes  too  large,  equation  16  will  no  longer  apply 
even  if  equation  22  still  applies  or  if  some  more  complicated  law  predominates.  The  time  at  which 
the  critical  value  of  is  achieved  is  dependent  on  the  concentration  through  equation  16.  This 
simple  dependence  of  a  critical  value  of  Q_  upon  T  and  C  is  reflected  in  the  value  of  the  empirical 
X  -  intercept  of  the  semilog.  plot  as  given  by  equ8.tion  20. 

Whereas  the  existence  of  constant  initial  rates  of  adsorption  helps  to  explain  the 

translation  of  the  Q  -  In  T  plots  of  Fig.  11  along  the  In  T_  axis,  it  does  not  offer  an  explanation 
EE  E 

for  the  (approximate)  semilog.  relationship.  Tliis  will  now  be  attempted.  The  derivative  of 
empirical  relationship  18  is: 

Tp  d  T 

d  Q  =  ks  d  In  ^  =  ka  — S-  (24) 

h.  lO  *  P, 

d  Q  ka 

or  =  —  (25) 

^E  ^E 

Substituting  for  T  using  equation  18, 
d  Q  kj 

—  =  -  exp.  (-tj^/k,)  (26) 

£ 

which  is  a  form  of  the  Elovich  Equation  (13).  Many  systems  which  display  slow  adsorption  kinetics 
(gas  phase)  can  be  represented  by  an  expression  similar  to  equation  26  over  a  region  of  surface 
coverages  (13).  Some  physical  models  which  can  lead  to  such  an  empirical  relationship  include: 

1)  Increase  in  activation  energy  for  adsorption  with  increase  in  surface  coverage  (13). 

2)  Steric  effects  (16). 

These  two  possibilities  will  again  be  considered  after  attempting  to  obtain  the  order  of  the  initial  rate 
of  adsorption. 


(i3)  D.O.  Hayward  and  B.M.W.  Trapnell,  "Chemisorption",  Second  Ed.,  Butterworih's,  Inc.,  1964. 
(16)  R.  Coekelbergs,  A.  Brennet,  G,  Lienard,  and  P.  Reisbois.  J.  Chem.  Phys.,  39,  585  (1963). 
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Referring  to  equation  22,  it  is  seen  that  the  order  of  the  initial  ratr  of  adsorption 
may  be  determined  if  the  fractional  surface  coverage  wit’  ethane  is  known.  It  is  customary  in  gas 
phase  studies  to  define  the  fractional  surface  coverage  as  the  ratio  of  the  volume  of  gas  adsorbed 
at  equilibrium: 

9  -  a  /  0 


(27) 

(28) 


Analogous  to  equation  27,  we  may  writ'  • 

9  '  -  Q  /Q 
E 

A  determination  of  Q  ,  is  not  practical  however,  due  to  the  following  complications: 

E 

1)  R  (equation  15)  becomes  extremely  small  as  a  rnonolaver  is  approached,  and 

ad 

it  is  difficult  to  tell  whether  R,  or  R  are  contributing  to  bringing  about  an  apparent  rate  of  ad- 

d  ox 

sorption  of  zero,  as  opposed  to  the  achievement  of  such  a  steady  state  upon  adsorbing  a  mono- 
layer  of  ethane. 

2)  Q  mav  have  no  simple  significance  in  terms  of  surface  sites,  since  at  the 

E,  ® 

largv?  values  of  adsorption  time,  the  structure  of  the  ad -layer  may  become  quite  complex  due  to 
slow  surface  conversions. 

A  better  choice  for  the  definition  of  fractional  surface  coverage  under  these  circumstances  may 
be: 


9, 


S^H 


(29) 


Equation  29  defines  ethane  surface -coverage  in  terms  of  hydrogen  sites,  and  therefore  involves 

assumptions  similar  to  those  already  made  in  the  interpretation  of  hydrogen-codeposition  (section 

2A),  From  analysis  of  Fig  13,  A_Q„  =  0.  375  Q  ,  and  the  measured  value  of  Q  was  3.  2  x  10~* 

o  H  ii*  o  H 

coul./cm*.  Therefore, 

9j,  =  1170  (30) 

Use  of  equation  30  suggests  incidentally,  that  9^  =  1  after  1000  sec.  at  0.28  v.  From  equation  22: 


^  ®E 

In  ■  =  In  k4  +  m  In  9 

d  T„  F 


(31) 


where  -  l-9_  =  fractional  free  surface. 

F  E 

To  obtain  a  preliminary  estimate  of  "m",  values  of  9  for  U  =  0.  3  v,  were  plotted  against  T  ,  on 


d  9 


E 


rectangular  coordinates,  and  values  of  ^  -  were  obt.ained  graphically.  These  slopes  were  then 

plotted  against  9  on  log.  -log.  coordinates.  A  good  linear  plot  was  obtained  for  values  of  9  from 
F  F 

1  to  0.6,  where  sharp  departure  from  linearity  was  observed.  The  value  of  m  obtained  was  1.6 
suggesting  (predominantly)  second-order  kinetics.  Integrating  equation  31  with  m=2: 

l/9j.  -  KCT^  (32) 
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Fig.  16.  Variation  in  Fractional  Free  Surface  With  Adsorption  Time. 

Solution  Saturated  With  Designated  Mixtures  of  Ethane  And  Argon, 

Plots  of  1/0-  vs.  T  for  U  =  0.3  V  and  for  various  concentrations  of  ethane  appear  in  Fig.  16. 

Good  linearity  was  obtained  for  values  of  0  up  to  0.  3  for  the  solution  saturated  with  pure  ethane 
(not  shown  on  plot).  K  has  the  average  value  of  1.31  x  10*  cm* /mole-sec,  with  an  average  devi¬ 
ation  of  0.  15  X  10*  units. 

The  results  of  this  analysis  suggest  that  simple  adsorption  kinetics,  (first  order  in 
dissolved  ethane  and  second-order  in  available  surface  sites),  may  satisfactorily  account  for  the 
data  obtained  up  to  quite  high  (0  =  0.7)  surface  coverages.  It  seems  more  reasonable  to  assign 

the  departure  from  simple  kinetics  which  occurs  at  high  surface  coverages  to  steric  effects  (16) 
than  to  variation  in  energy  of  adsorption  (13).  The  lattei  effect  is  usually  assumed  to  apply  when 
the  fractional  surface  coverage  is  only  a  few  tenths. 

4.  Mechanism  of  the  Adsorption  of  Ethane 

The  previous  work  presented  evidence  for  the  existence  of  a  simple,  relatively 
potential -independent  rate  of  adsorption  o.'  ethane.  This  rate  can  be  measured  when  the  opposing 
and  potential -dependent  rates  of  adsorption  and  oxidation  are  made  negligible  by  proper  choice  of 
the  potential.  The  kinetic  evidence  further  suggests  that  the  elementary  adsorption  process  is 
second -order  in  tcr'^ace  adsorption  sites.  Hydrogen  co-deposition  data  suggests  that  four  (hydrogen) 
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surface  sites  are  obscured  for  eacl\  ethane  molecule  adsorbed.  None  of  these  sites  correspond 
to  hydrogen  atoms  released  through  dissociative  adsorption  of  the  ethane,  since  these  are  quickly 
discharged  under  the  conditions  of  the  experiment.  Employing  this  evidence,  we  will  attempt  to 
choose  from  the  ads'^rption  processes  listed  below: 

i.)  CjHe  (dissolved!  ‘  2.S  -*  CgHa  —  CgHs  +  +  e*  +  S 

!  I 

2S  S 

2)  CsHs  (dissolved)  +  2S  -•  CaHe  +  H 

I  I 

S  S 

+  e"  +  S  (Vo’.mer  Reaction) 

I 

S 

4)  CaHg  +  aS  -•  Further  dehydrogenation 

S 

51  CaKe  +  H  -  CaH*  (dissolved)  +  2S 

I  I 

S  S 

6)  CaHe  +  +  e-  +  S  -  CaH,  -  CaHa  (dissolved)  +  2S 

!  ! 

S  2S 

S  s  surface  adsorption  site 

In  reactions  1  and  2  an  adsorbed  ethyl  radical  was  chosen  as  the  simplest  structural  possibility 
corresponding  to  second  order  adsorption  kinetics.  Either  Reaction  1  or  2  may  represent  the 
rate -determining  step  in  the  adsorption  process.  Reaction  1  suggests  that  the  rate  of  adsorption  will 
depend  on  the  rate  of  an  electron-transfer.  This  appears  to  be  true  only  in  a  limited  sense,  i.e. 
the  rate  is  retarded  at  low  potentials,  when  there  is  atomic  hydrogen  on  the  surface,  but  reaches 
a  plateau  after  the  potential  is  sufficiently  high  so  that  the  concentration  of  adsorbed  hydrogen  is 
zero.  Th  5  ..iuses  us  to  prefer  reaction  2,  with  the  added  condition  that  the  surface  concentration 
of  hydrogen  is  maintained  at  zero  level.  This  latter  condition  was  easily  fulfilled  under  our 
experimental  conditions,  by  the  operation  of  rhe  very  rapid  forward  Volmer  reaction  (reaction  3). 
Having  chosen  reaction  2  as  the  primary  and  rate -controlling  adsorption  step,  we  rr.  ist  next 
concern  ourse’ves  with  the  structure  of  the  stable  surface  species  produced  when  ethane  is 
adsorbed.  Hydrogen  co-deposition  experiments  suggest  4  surface  sites  per  surtace  species  and 
hence  argue  for  lurther  dehydrogenation  of  the  origina'  adsorbed  ethyl  radical  'equation  4)  which 
would  be  a  relatively  rapid  reiction  relative  to  rate -determining  step  2.  The  s.mplest  interpretation 
of  liydrogen-codeposition  results  would  be  that  "a"  of  step  4  has  ihc  value  "3",  and  that  the  pre- 
d'  minant  process  of  step  4  ir  tha  breaking  of  three  carbon-hydrogen  bonds  to  give  a  surface  species 
of  formula  CgHg.  The  observation  has  been  made  that  the  ad-layer  oxidizes  over  a  w'de  range  of 
p»>t<intiais  upon  apolication  of  a  lin<  ar  anodic  ;v.  cep  (Fig.  5  and  7),  and  that  only  a  fraction  of  the 
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ad-layer  is  renic./able  by  hydrogenation.  These  observations  suggest  that  there  may  be  a  variety 
of  structures  in  the  ad-  layer  and  that  the  apparent  number  of  sites  per  adsorbed  ethane  species 
may  only  be  an  average  value.  Under  such  conditions  the  adsorption  rate  data  are  non-complex 
simply  because  the  kinetics  depends  only  on  the  concentration  of  vacant  surface  sites. 

Reactions  5  and  6  are  possibilities  for  the  low-pctertia-  desorption  of  adsorbed 
ethane,  whicii  opposes  the  elementary  adsorption  process  at  these  potentials.  Reactions  5  and  6 
differ  in  that  5  dependa  on  atomic  hydrogen  supplied  by  reverse  reaction  3,  whereas  6  depends 
on  a  direct  electron-transfer  re?.ction.  The  concentration  of  adsorbed  hydrogen  is  appreciable, 
since  the  desorption  becomea  appreciable  only  at  low  potentials.  Reaction  6  must  clearly  be 
potential  dependent,  but  so  must  5,  since  the  concentration  of  atomic  hydrogen  depends  on  the 
potential.  Hence  5  and  S  are  kinetically  irdistinguishable  under  these  conditions.  The  de¬ 
sorption  process  is  given  further  consideration  in  section  4.  1.2.4  of  this  report. 


5.  Ethane  Adsorption  and  Hydrogen  Desorption 

In  the  hydrogen  co-deposition  experiments  discussed  previously  in  section  2. a., 
ethane  was  first  adsorbed  at  potentials  at  which  dissociated  hydrogen  produced  during  the 
adsorption  would  be  consumed  via  the  Volmer  reaction.  Atomic  hydrogen  was  then  deposited  on 
thi  surface  by  gradually  lowering  the  potential  (by  means  of  a  linear  sweep)  to  the  point  where 
large-scale  evolution  of  hydrogen  occurred.  Interpretation  of  the  reduction  in  hydrogen- 
deposition  charge,  attendant  upon  ethane  adsorption  was  based  partially  on  the  as¬ 

sumption  that  surface  sites  not  actually  occupied  by  ethane  would  be  covered  by  hydrogen  by  the 
time  the  low  potentials  and  large-scale  evolution  of  hydrogen  were  encountered.  In  addition  tc 
decreasing  the  total  amount  of  hydrogen  which  may  reside  on  the  surface,  the  adsorption  of 
ethane  also  decreases  the  amo’  of  hydrogen  which  (thermodynamically)  may  exist  on  the  sur¬ 
face  of  any  potential  greater  than  0  volts,  while  the  total  surface  coverage  with  both  ethane  and 
hydrogen  is  still  much  smaller  than  a  monolayer.  This  is  apparent  from  the  plots  of  Fig.  13, 
and  the  spontaneous  desorption  of  hydrogen  at  open-circuit.  The  effect  is  also  manifested  in  the 
shift  of  the  hydrogen-deposition  traces  of  Fig.  12  to  lower  potentials  as  opposed  to  a  drop  in 
current  only  in  the  near  vicinity  of  zero  volts.  One  may  simply  conclude  that  adsorption  of  a 
second  species  tends  to  lower  the  heat  of  adsorption  of  hyd.ogen  (10).  This  observation  has  been 
made  in  the  adsorption  on  platinum  of  alcohols  (17),  CO  \1),  formic  acid  (18),  and  anions  (4,  19). 


(17)  M.W.  Breiter,  J.  Electrochem.  Soc.,  109,  42  (1962). 

(18)  M.W.  Breiter,  Electrochim.  Acta,  457  (1963). 

(19)  M.W.  Breiter,  Electrochim.  Acta,  8,  925(1963). 
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6.  Some  Remarks  on  the  Electrochemical  Oxidation  of  Adsorbed  Ethane 


A  discussion  of  the  detailed  analysis  of  the  kinetics  and  mechanism  of  oxidation  of 
adsorbed  ethane  is  planned  in.  future  work.  It  is  possible  at  present,  however,  to  make  some 
observations  of  a  general  and  qualitative  nature  on  the  material  at  hand. 

a.  Maximum  Steady »5tate  Rate  of  Oxidation  of  Ethane 

The  kinetics  of  oxidation  of  ethane  already  adsorbed  on  the  surface,  might  be 
expected  to  be  completely  independent  of  the  rate  of  adsorption  of  ethane  under  transient  con¬ 
ditions.  Under  steady -state  conditions  the  amount  of  ethane  originally  on  the  surface  is  trivial 
compared  with  that  re -supplied  from  the  solution.  Under  the  latter  conditions,  the  riaximum 
possible  current  might  be  expected  to  approach  equivalence  with  the  maximum  rate  of  adsorption 
of  ethane.  Equation  16  gives  the  maximum  accumulation  of  ethane  on  the  surface,  expressed  as 
the  charge  reqvired  to  completely  oxidize  the  ethane.  The  maximum  current  is  equal  to  the  de¬ 
rivative  of  Q„,  or 
E 


I 

max 


k,  C 


5  C 


(33) 


assuming  a  saturated  solution  of  ethane,  and  C  =  1.8  x  10““  mole/cm^ 

I  =  9  X  10“®  Amp./cm^  (34) 

max 

Equation  34  gives  an  estimate  of  the  maximum  steady-state  oxidation  current  only  if  it  is  assumed 
that  adsorption  must  precede  oxidation. 

b.  Reactivity  of  Adsorbed  Ethane 

Fig.  7a  and  7b  contain  current -voltage  traces  corresponding  to  the  oxidation  of 
partial  monolayers  of  ethane  adsorbed  at  0.3  v.  This  particular  potential  is  chosen  for  discussion 
since  the  evidence  has  suggested  that  the  processes  of  desorption  and  oxidation  are  relatively  un¬ 
important  here.  The  traces  of  Fig.  7a  and  7b  reveal  two  fairly  distinct  regions  of  oxidation  of 
adsorbed  hydrocarbon.  The  low  potential  region  exhibits  a  sharp  maximum  below  0.  8  v.  The  high 
potential  region  is  fairly  flat  and  extends  from  approximately  0.  8  v  up  to  potentials  of  appreciable 
oxygen -evolution  (~  1.  6  v).  Separation  between  these  two  regions  becomes  increasingly  more 
obvious  as  the  sweep  speed  is  decreased  (see  Fig.  5).  At  the  lowest  sweep  speeds  employed,  the 
low  potential  region  is  observed  to  begin  at  potentials  of  0.  5  v  or  less.  The  measurements  of 
apparent  rate  of  adsorption  already  discussed,  suggest  appreciable  rate  (compared  with  adsorption) 
of  oxidation  of  ethane  at  potentials  approaching  0.  3  v. 

Examination  of  the  traces  of  Fig.  7a  and  7b  reveal  that  both  the  low  and  high- 
potential  species  increase  gradually  with  increase  in  surface  coverage.  It  has  bee',  observed  that 
the  low-potential  species  is  not  readily  desorbed  at  low  potentials  as  is  the  high -potential  species. 

It  is  possible  that  these  "species"  are  a  manifestation  of  surface  >ietcrogeneity,  or  of  gross  dif¬ 
ferences  in  structure,  or  both. 
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Comparison  of  the  current-voltage  traces  obtained  for  ethane  (Fig.  5  and  7) 
with  those  obtained  for  CO  (1,  6-8)  offer  an  interesting  contrast.  Whereas  the  rate  of  adsorption 
of  CO  is  quite  high  (1),  and  that  of  ethane  quite  low,  the  entire  CO  adsorption  layer  is  eiectro- 
chemically  quite  inactive  compared  with  at  least  a  part  of  the  ethane  ad-layer. 


7.  Comparison  with  Gas -Phase  Studies  of  Ethane  Adsorption 

A  platinum  surface  submerged  in  an  electrolyte  differs  from  that  in  the  gas  phase 
by  the  presence  at  the  surface  of  water  (weakly  bonded)  and  of  an  ionic  double -layer .  The  former 
may  compete  only  slightly  with  adsorbates,  such  as  hydrocarbons,  having  a  high  heat  of  ad¬ 
sorption.  The  latter  opens  the  pnsibility  of  additional  reaction  routes,  and  of  their  control, 
through  the  control  of  the  electric  field  at  the  surface.  Perhaps  the  most  significant  difforence 
between  adsorption  of  hydrocarbons  from  the  gas  phase  and  f  n  solution  in  an  electrolyte,  is 
that  in  the  latter  case  there  is  the  existence  of  the  Volmer  r>  .ction,  which  allows  hydrogen  to 
desorb  from  the  surface  as  well  as  to  migrate  freely  from  one  surface  site  to  another,  in  the 
protionic  form.  On  the  ether  hand,  desorption  of  hydrogen  (from  the  dissociative  adsorption  of 
a  hydrocarbon)  in  the  gas  phase  system,  requires  the  mobility  of  atomic  hydrogen  on  the  surface 
and  the  making  and  breaking  of  chemical  bonds.  It  has  been  shown  that  the  adsorption  of  ethane 
is  opposed  by  the  hydrogenation-desorption  process,  which  can  be  avoided  electrochemically  by 
rapid  electrochemical  removal  of  hydrogen.  Under  conditions  of  open  circuit,  hydrogen  must 
recombine  to  form  hydrogen  snclecules  in  order  to  desorb,  but  the  Volmer  reaction  still  may 
operate  to  provide  rapid  mobility  on  the  surface  for  recombining  hydrogen  atoms.  Thus  a  possible 
contribution  to  the  slow  rates  (11,  13)  of  adsorption  observed  for  hydrocarbon  adsorptions  on 
various  surfaces  from  the  gas  phase  may  arise  from  sluggish  hydrogen-desorption  kinetics  and 
a  resulting  appreciable  rate  of  hydrocarbon  hydrogenation-desorption. 

While  no  comparable  gas -phase  data  is  available  for  the  ethane -platinum  system, 
brief  consideration  of  the  results  obtained  for  ethant  on  nickel  is  of  interest.  Wright  et  al.  (20) 
found  that  at  0°C. ,  4  x  10^^  molec.  /cm*  (true  area  basis)  were  adsorbed  within  the  first  minute 
as  compared  with  approximately  four  times  that  amount  adsorbed  at  60°C  in  this  work.  Further 
adsorption  was  observed  to  occur  with  the  log  of  time  (as  in  this  work)  for  two  to  three  more  hours. 
Final  adsorption  after  3  hours  resulted  in  1.2  X  lO'*  molecules/cm*  as  compared  with  an  estimate 
of  approximately  three  times  that  quantity  at  full  coverage  in  this  work,  ’  ’right  et  al.  did  not  find 
any  great  change  in  the  slope  of  the  adsorption  curve  with  increase  in  temperature. 


(11)  G.C.  Bond,  "Catalysis  by  Metals",  Academic  Press,  N.Y,,  1962. 

(20)  P.G.  Wright,  P.G.  Ashmore  and  C.  Kemball,  Trans.  Far.  Soc.,  54,  (1958). 
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Fig.  17,  Potential  Sequences  Applied  To  The  Teet  Electrode 
(Time  Axie  Not  To  Scale). 

4. 1.  1. 3  Kinetice  and  Mechaniem  of  Detovpdon  of  Ethane  From  Platinum 

In  Section  4. 1.  1. 2.  a  MPP  method  wae  eetabliehed  for  the  quantitative  study  of  the 
ethane  ad -layer  on  a  platinum  electrode.  The  method  wae  app'ied  tower d  elucidation  of  the 
kinetice  and  mechaniem  of  the  adsorption  process  which  occurs  at  potentials  several  tenths  of 
a  volt  pjsitive  to  a  reversible  hydrogen  electrode  in  the  perchloric  acid  electrolyte.  This  ; 

section  will  be  devoted  to  the  desorption  of  adsorbed  ethane,  a  process  which  occurs  at  rel-  ^ 

atively  lower  potent. ?.ls  on  the  hydrogen  scale.  I 

I 

The  desorption  of  adsorbed  ethane  species  from  platinum  fuel  cell  electrodes  was  . 
previously  noted  by  Niedrach  (21)  who  determined  that  the  major  desorption  product  was  ethane 
(small  percentage  of  methane).  No  kinetic  information  resulted  from  that  study. 

A.  Experimental 

Equipment,  chemicals,  etc,,  have  been  described  in  Section  4.  1.  1.2. 
Measurements  were  made  at  60®C.  in  1  N  perchloric  acid  solution.  The  test  electrode  used 
was  the  same  as  that  previously  described,  having  =  0.32  mcoul./cm®  and  an  estimated 
roughness  factor  of  1.  5. 

(21)  L,.  W.  Niedrach.  J.  Flectrochem.  Soc.,  Ill,  1309  (1964). 
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TABLE  IV 


Procedures  Followed  During  Potential  Sequences  of  Fig.  17 


Step  (Refers 
Sequence  Fig.  to  Fig.  17) 

I  17a  A 


B 

C 


D 


E 

F 

G 

11  17b  A-F 

G 


H 


Procedure 

1)  Bubble  gas*  through  solution 

with  paddle -stirring  lor 

T  .  =  IS  sec. t 
A 


2)  Continue  gas -bubbling  and 

stirring  for  T  =2  sec. 

B 

3)  Continue  gas  bubbling  and 
stirring  for  1/2  min.  Stop 
bubbling  ana  stirring,  and 
allow  solution  to  become 
quiescent  for  1-1/2  min. 
Total  value  of  T  =  2  min. 


4)  Solution  quiescent. 
T^  =  10  sec. 


5)  The  potential  is  raised  to 

0.  4  V  for  time,  T_. 

E 

6)  The  potential  is  lowered  to 

U  for  time,  T^. 

F 

7)  Apply  linear  anodic  sweep 
(1.  a.  s. )  of  speed  v  =  10 
v/ sec. 

1-6)  Same  as  for  Sequence  I. 

7)  The  potential  is  raised  to 
0.4  V  for  10  msec. 


8)  Apply  1.  a.  8.  of  speed  v  = 
10  v/ sec. 


Purpose 

1)  To  keep  solution  saturated 
with  gas  while  thoroughly 
reducing  electrode  surface. 
Also  serves  to  remove 
anion  impurities,  if  pres¬ 
ent,  from  surface. 

2)  To  remove  surface  species 
which  are  oxidized  and/or 
repelled  at  high  potentials. 

3)  The  passive  film  of  step  B 
is  retained  while  desorbed 
materials  and  oxygen  re¬ 
leased  during  step  B  are 
swept  into  the  bulk  of  the 
solution  and  diluted.  The 
solution  is  allov  cd  to  be¬ 
come  quiescent  to  restrict 
mass  transport  to  ordinary 
diffusion  in  subsequent  steps. 

4)  The  passive  film  retained 
during  step  C  is  largely  re¬ 
duced  within  the  firrt  few 
milliseconds.  The  low  po¬ 
tential  serves  to  block 
adsorption  of  ethane,  if 
present  in  solution.  The 
electrode  is  in  equilibrium 
with  iC^atmOB. of  hydrogen. 

5)  To  allow  adsorption  of  ethane 

at  0.4  V  for  time,  T_. 

E 

6)  To  allow  desorption  of 
adsorbed  ethane  for  time. 


7)  Trigger  oscilloscope  at 
beginning  of  step  G  and 
record  current -time  trace. 

1-6)  Same  as  for  Sequence  I. 

7)  To  remove  adsorbed  hydro¬ 
gen  at  a  potential  at  which 
desorption  of  ethane  does 
not  occur. 

8)  Trigger  oscilloscope  at 
beginning  of  step  H  and 
record  current-time  trace. 


*The  gas  is  either  ethane,  argon,  or  a  designated  mixture  of  both, 
t  "T"  with  appropriate  subscript  is  the  duration  of  that  step  of  the  sequence. 
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Potential  sequences  employei  in  this  work  are  diagrammed  in  Fig.  17.  The 
procedures  employed  during  each  step  of  the  potential  sequences  are  summarized  in  Table  IV. 

B.  Results 

1.  Desorption  of  Pre -Adsorbed  Ethane 

a.  Hydrogen  Surface -Coverage  During  Desorption  of  Pre -Adsorbed  Ethane 

Sequence  I  of  Table  IV  was  used  in  making  these  measurements.  During  steps 
A  —  D  of  the  sequence,  the  surface  is  prepared  and  during  step  E  ethane  is  allowed  to  adaorb  at 
a  constant  potential  of  0.  4  v.  This  potential  was  chosen  simply  because  no  atomic  hydrogen  may 
exist  on  the  surface  at  this  high  a  potential,  thereby  eliminating  one  possible  ethane  ad-species. 
If  step  F  of  the  sequence  is  omitted,  the  charge  O^,  corresponding  to  adsorption  of  ethane  at 
0.  4  V  may  be  determined  by  application  of  linear  anodic  sweep  (l.a.s.)  G,  as  previously 
described  in  Section  4.  1.  1.2.  When  step  F  of  the  sequence  is  included  with  U  <  ~  0.  2  v,  two 
processes  occur; 

1)  Hydrogen  is  instantaneously  deposited  on  the  surface  in  amounts  determined 
by  both  U  and  the  initial  coverage  of  the  surface  with  ethane  species. 

2)  The  continued  application  of  potential  U  results  in  a  decrease  in  Q  ,  and  a 
simultaneous  increase  in  Q  ,  corresponding  to  desorption  of  ethane  and  adsorption  of  hydrogen, 
respectively. 

Fig.  18a  aid  18b  are  the  traces  corresponding  to  application  of  l.a.s.  G  of  sequence  I,  Table 

IV,  with  U  =  C.  06  V.  Ethane  was  pre-adsorbed  for  100  sec.  and  for  10  sec.  for  the  traces 

(other  than  ”1")  of  Fig.  18a  and  18b,  respectively.  The  traces  marked  "1"  correspond  to  an 

adsorption  time  T^^.,  of  only  10  msec,  .hich  is  insufficient  time  for  the  adsorption  of  any 

appreciable  amount  of  ethane.  The  choices  of  T_  =  10  msec,  for  traces  "1”  is  however, 

sufficient  time  for  the  deposition  of  the  equilibrium  hydrogen  surface -coverage  on  the  clean 

surface  (3).  Further,  traces  "1"  are  identical  with  those  obtained  in  the  absence  of  ethane 

for  a  wide  range  of  values  of  T  and  T  and  hence  serve  as  the  "solvent"  traces.  Traces  "2" 

of  Fig.  18  were  obtained  after  the  adsorbed  ethane  was  subjected  to  desorption  conditions  for 

only  10  msec.  =  T  .  For  U  =  0.06  v  and  T  =  10  msec.,  there  is  little  desorption  of  ethane, 
r  r 

and  the  value  of  obtained  by  integration  of  the  area  lying  between  traces  1  and  2  and  0,  8  v 

on  the  axis,  is  approximately  the  same  as  obtained  when  step  S'  is  omitted.  With  increase 

in  T  ,  decrease  in  Q  is  evident.  Corresponding  to  decreases  in  Q  ,  there  is  an  increase  in 
r  E  E 

the  charge  Q  '  which  may  be  obtained  by  integrating  the  traces  to  the  value  of  T  corresponding 
H  G 

to  0.  7  V.  Q  ,  corresponding  to  hydrogen -adsorption  may  be  obtained  from  Q  '  by  making  an 
H  '  H 

estimated  correction  for  charging  of  the  ionic  double  layer.  As  T  increases,  Q  approaches, 

r  H 

but  never  equals  the  value  obtained  from  traces  "1",  since  an  "ethane"  residue  persists  on  the 
surface. 


Fig.  19.  Hydrogen  Adsorption  During  Desorption  of  Adsorbed  Ethane 

(Sequence  I,  Table  IV). 


It  may  be  noted  that  a  cxosed  area  is  defined  in  the  "hydrogen"  region  (at  low 

values  of  potential  by  the  interse<!tion  of  traces  "I"  with  any  subsequent  trace  of  Fig.  18a  and 

18b.  This  area  is  approximately  AQ  (neglecting  a  small  capacitance  term)  for  the  two  surface 

M 

states.  To  obtain  maximum  resolution  of  the  hydrogen  charge  for  different  values  of  U  ard  of 
T  ,  AQ  was  measured  instead  of  Q  .  This  was  accomplished  with  maximum  sensitivity  by 
recording  the  "solvent"  and  "ethane"  traces  so  that  occupied  most  of  the  photograph  to 

the  exclusion  of  other  portions  of  the  trace.  Q  was  then  calculated  from  AQ  by  subtraction 
from  the  known  value  of  Q„  for  the  clean  surface.  Values  of  Q  are  plotted  against  T  for 

H  H  Jr 

several  different  values  of  U  in  Fig.  19.  Ethane  was  pre-adsorbed  for  100  sec.  for  each  experi¬ 
ment,  i.e.,  T„  =  100  sec. 


b.  Measurement  of 

It  was  shown  above  that  Q  decreases  when  the  potential  is  reduced  to  less 

£ 

than  ~  0.  2  v  after  having  adsorbed  ethane  at  0.4  v.  The  use  of  sequence  I  of  Table  IV  for  the 
measurement  of  the  decrease  in  ethane  charge,  AQ^.,  h«.s  the  disadvantage  that  after  the  appli¬ 
cation  of  step  F,  the  electrode  is  subjected  to  low  potentials  during  th-;  l.a.s.  G  while  the  hydro¬ 
gen  is  being  removed  from  the  surface.  This  tends  to  make  the  desorption  time  uncertain  when 

T_  is  in  the  millisecond  range.  This  problem  i«  eliminated  in  sequence  II  of  Table  IV.  Step  G  oi 
F 
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that  seqaence  brings  the  potential  to  0.  4  v  for  10  milliseconds.  This  allows  hydrogen  to  be  re¬ 
moved  rapidly  from  the  surface  before  the  application  of  the  l.a.s.  and  at  a  potential  at  which 
desorotion  of  ethane  does  not  occur.  Also,  10  milliseconds  is  too  small  a  period  of  time  for  the 
adsorption  of  any  appreciable  additiorial  ethane,  as  shuwn  in  Section  4.  1.  1.2.  The  traces  obtained 
during  the  ttep  H  of  the  sequence  were  qualitatively  similar  to  those  of  Fig.  18a  except  that  thp 
sweep  b  gan  at  0.4  v,  eliminating  the  ’hydrogten"  region.  For  greatest  resolution,  the  experi¬ 
ments  were  made  in  the  following  manner  for  obtaining  a  single  data  point: 

1)  A  trace  was  recorded  for  T  =  100  sec.  and  T  -■  0  (no  desorption). 

£  r 

2)  On  the  same  photograph,  a  trace  was  recorded  for  T  =  100  sec.,  and  T  >0. 

E  E 

3)  The  area  bounded  by  the  two  traces  v/as  determined  graphically  and  is 

4)  Current  and  voltage  sensitivities  were  chosen  so  that  occupied  the  maxi¬ 

mum  value  on  the  photograph,  even  though  the  remainders  of  the  traces  were  not  recorded. 

Values  of  obtained  for  T  =  100  sec. ,  and  different  values  of  the  desorption  potential,  U,  are 

E  E 

recorded  in  Fig,  2*'.  Results  for  U  =  0.06  v  and  several  different  values  of  T^  are  recorded  in 
Fig.  21.  The  values  of  Q  corresponding  to  15,  "0  and  100  sec.,  as  previously  determined  in 
Section  4.  1.  1.2,  are  1.35,  2.77  and  3.80  X  lO”*  coul./cm^,  respectively.  The  maximum  values 
of  AQ  achieved  at  0.06  v.  for  these  adsorption  times  is  only  a  fraction  of  the  original  value  of 

Q_i  w'hich  means  that  a  considerable  portion  of  the  adsorbed  ethane  can  not  be  removed  by 

E 

by  ’ 'ogenation-desorption.  For  T  =  100  sec.,  an  adsorption  experiment  was  conducted  at  a 

E 

value  of  U  as  low  as  -0.2  v  for  T  =  100  sec.  The  value  of  AQ_  so  obtained  was  not  greater  than 

r  E 

the  maximum  value  obtained  at  U  =  0  to  0.06  v,  demonstrating  that  the  residue  is  extremely  resis¬ 
tant  to  removal.  Inspection  of  Fig.  18a,  reveals  that  this  residue  corresponds  mainly  to  that  part 
of  the  ethane  ad -layer  which  oxidizes  below  approximately  1.0  v. 


2.  Measurement  of  Ethane  Desorption  Rate  In  the  Absence  of  Pre -Adsorbed  Ethane 
In  paragraph  1.  above,  ethane  was  first  adsorbed  on  the  surface  at  0.4  v  and  then 
desorbed  at  potentials  of  0.  15  v  or  less.  Starting  with  a  surface  concentration  of  zero,  there  is 
a  net  rate  of  adsorption  of  ethane  at  potentials  between  approximately  0.15  and  0.30  v  which  was 
previously'  represented  (Section  4.  1.  1.2)  by  the  equation: 


R 


ad  d 


(35) 


where  is  the  potential -independent  rate  of  adsorption  and  R^  is  the  potential -dependent  rate  of 

desorption.  Values  of  R  and  R  were  obtained  graphically  from  the  plots  of  Q  versus  adsorption 

diO  E 

time  appearing  in  Section  4.  1.  1.2.  From  these  values  R  was  calculated  employing  equation  35, 


and  the  results  are  plotted  against  Q  in  Fig.  22. 

E 
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Fig.  21.  Charge  Corresponding  To  Desorption  Of  Ethane  At  0.06  v. 

(Ethane  Pre-adsorbed  For  Time,  T_. ) 

E 
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12  3  4 

Qg ,  coul/cm^  X 10^ 

Fig.  22.  Rate  Of  Desorption  Of  EUiane  In  The  Absence  Of  Pre>Adsorbed  Ethane. 

C.  Discussion 

1.  Kinetics  of  Desorption  of  Pre«Adsotbed  Ethane 

a.  Fixed  Initial  Surface  Concentration  of  Ethane,  Various  Potentials 

To  obtain  the  data  of  Fig.  20,  ethane  was  first  adsorbed  at  0.4  v  for  100  sec.  and 
then  desorbed  at  the  specified  constant  potentials.  Henc'',  all  of  the  data  corresponds  to  one  initial 
surface  coverage  with  ethane  species.  Most  of  the  data  of  Fig.  20  falls  on  a  family  of  parallel  lines 
having  the  empirical  formula: 

^F 

Q_  -  h,  In  —  (36) 

where  hj  =  1.39  10”®  coul./cm^ 

To  =  X  -  intercept 

A  plot  of  In  Tq  vs  U  reveals  fai.'  linearity  and  the  empirical  relationship; 

U  =  ha  In  ^  (37) 


where  h= 


2. 58  X  10”^  V 


3  X  10“*  sec. 


Hence  T->  includes  the  potential -dependence  of  Qo  in  equation  36.  The  charge  Q  is  related  to  the 
fractional  surface  coverage  by  a  constant: 
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(38) 


where  Cj  was  found  to  have  the  value  1,  170  cm^/couK  for  this  electrode,  AQ  is  related  to  by; 

E  E 


(39) 


where  0^  is  the  initial  surface  concentration  (after  100  sec.  of  adsorption),  as  opposed  to  the 
o 

iiistantaneous  value,  0  .  After  substituting  foi  AQ  of  equation  35,  the  value  given  by  equation 

E  £ 

39,  and  after  taVung  ♦he  derivative  of  equation  35: 

^  ^  hi 


d  T 


<=1  T, 


Substivuting  for  T  the  expression  derived  from  Equations  36  and  39: 

C 


F 

cp 

®E 

=  H  exp  (ci  0^/hi  ) 


(40) 


(41) 


where: 


H  =  - exp  (-C,  0  /h| )  =  constant  for  constant  0  and  constant  U.  (42) 

1q  **  £^  O  £^  O 


Equation  41  is  a  desorption  rate  equation  similar  to  the  Elovitch  equation  for  adsorption,  but  with 
the  sign  of  the  exponent  reversed.  Such  a  relationship  has  already  (13)  been  derived  assuming 
that  the  energy  of  desorption  effectively  decreased  linearly  with  increase  in  surface  coverage. 

As  for  the  Elovitch  equation,  it  may  be  predicted  that  a  number  of  physical  models  (13)  including 
the  effect  of  steric  hindrance  (16)  could  lead  to  such  a  relationshi 3.  An  exponential  rate  law  such 
as  equation  41  is  usually  expected  not  to  apply  to  the  very  low  and  high  ranges  of  surface  cover¬ 
ages,  whereas  the  law  seems  to  apply  to  the  entire  range  of  low-potential  data  points  of  Fig.  20. 

This  is  not  contrary  to  expectations  since  the  surface  is  initially  covered  to  the  extent  0  =  0.45 

£ 

and  drops  to  a  minimum  value  of  0^  =  0.  30  (corresponding  to  the  maximum  value  of  AQ^)  and 
hence  stays  in  a  medium  range  of  surface  coverages  throughout  the  experiment. 

The  potential -dependence  of  the  rate  of  desorption  may  be  properly  examined 
by  comparing  rates  of  desorption  at  different  values  of  U  for  constant  values  of  0  .  The  same 
dependence  will  result  for  any  value  of  ^  so  long  as  we  stay  within  the  region  of  straight  parallel 
lines.  Assuming  chat  the  rate  of  straight  parallel  lines.  Assuming  that  the  rate  of  desorption 
involves  a  slow  electron  transfer,  or  alternatively,  that  tne  rate  of  desorption  is  determined  by 
a  field -dependent  step  followed  immediately  by  a  very  rapid  electron  transfer,  we  may  expect 
the  rate  of  desorption  to  follow  a  Tafel  relationship: 

d  0„ 


-  =  bo  exp  (anFU/RT) 

^  F 

where  h,  =  a  constant  for  constant  value  of  0 


(43) 


a  =  transfer  coefficient 

n  =  number  of  electrons  in  the  rate -determining  step  and  all  other  s^  Tibols 
have  their  usual  significance.  From  equation  43  it  is  seen  that  a  plot  of  the  natural  log  of  the 
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R  T 

ratP  of  desorption  against  the  potential  {at  constant  9^^)  would  have  a  slope  of  0.0Z9  =  for 

an  =  1.  The  rate  of  adsorption  for  the  semi-logarithmic  representations  of  Fig.  20  is  related 


to  Tj,  by: 


d  9^ 
d  T, 


“  S/T^  =  constant/ T„ 
F  r 


(44) 


whore,  S  is  the  slopi'  and  is  constant  in  the  region  where  the  data  falls  on  straight  parallel  lines. 

Hence  a  plot  of  In  T  (corresponding  to  constant  value  of  9  )  against  the  potential  should  also 

r  E 

serve  as  a  test  of  equation  43.  For  the  special  value  T  =  Tq,  equation  37  has  shown  that  the 

r 

experimental  slope  is  0.025ft.  Assuming  that  <>.  =  0,5,  this  serves  as  evidence  that  the  rate¬ 
determining  step  involves  the  gain  of  n  =  2  electrons  by  the  adsorbed  ethane.  Further,  the 
dependence  of  the  rate  of  desorption  both  on  surface  coverage  and  potential  can  be  emphasized 
by  r  -writing  equation  41  as: 


-  — F  =  H'  exp{flm  U  F/RT){me_l  (45) 

d  F. 

where  H'  and  m  are  the  appropriate  constants,  and  the  ^yOtentlai  term  was  removed  from  the 
previous"  term  H  of  equation  41. 


D.  Fixed  Potential,  Varying  Initial  F-thane  Surface  Concentration 

The  results  presented  above  correspond  to  a  fixed  initial  adsorption  time  and  a 

fixed  initial  s  -j-face  concentration  of  9^  =  0.45.  Ln  Fig.  21,  results  have  been  plotted  for  U  = 

0.06  V.  and  for  adsorption  times  of  15,  50,  and  100  sec.  which  correspond  to  init  .al  values  of 

Q  of  1.  35,  2.  77,  and  3.80  X  10“*  coul./cm^,  respectively,  and  to  values  of  8_  of  0.  16,  0.32 
E  E 

and  0.45,  respectively.  If  equation  45  held  precisely,  the  three  plots  of  Fig.  21  should  be 

parallel  and  yi^ld  equal  rates  of  desorption  at  equal  values  of  Q^,.  The  departure  of  the  E  =  15 

sec.  points  from  a  parallel  plot  may  be  ascribed  to  the  system's  entering  a  range  of  0^^,  too  low 

for  an  experimental  relationship  to  hold.  When  the  rates  for  the  50  sec.  and  100  sec.  points  are 

compared  at  equal  values  of  Q  or  of  0  ,  a  3000-fold  greater  rate  is  calculated  for  the  50  sec. 

^  /  \ 
points.  If  alternatively,  results  are  compared  at  equal  values  of  (AQ_  -  '»  where 

\  litf  mAX  E/ 

AQ  is  the  value  of  reached  at  completion,  there  is  only  a  three -fold  greater  late  for 

E,  max  E 

ihe  50  sec.  points.  This  implies  that  the  rate  of  desorption  is  more  nearly  dependent  on  the 
amount  of  desorbable  ethane  species,  than  on  total  ethane  species.  Hence  for  general  applica¬ 
bility  of  equation  45, 

m  =  a  f  (46) 

where  f  is  that  fraction  of  the  surface  coverage  which  is  active  toward  desorption,  and  will  be  a 

function  of  9_ 

E,  o 
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c.  The  Non-deaorbable  Residue 

The  experiments  of  Fig.  20  were  begun  with  an  initial  value  of  0^  of  0.  45.  The 

minimum  value  of  0  (corresponding  to  maximum  value  of  AQ  )  was  achieved  at  U  =  0.09  v  and 
£  £ 

had  the  value  0„  =  0.30.  Choosing  U  as  low  as  <'0.20  v  did  not  cause  any  appreciable  further 

reduction  in  6^  even  after  100  sec.  of  desorption.  Thus,  there  is  a  "fraction"  of  adsorbed 

ethane  species  which  cannot  be  removed  by  hydrogenation -desorption  under  these  conditions. 

Inspection  of  Fig.  18a  reveals  that  this  fraction  of  the  ad-layer  is  that  most  readily  oxidized  at 

low  potentials.  It  is  possible  that  this  specie  or  species  has  a  higher  heat  of  adsorption  than 

hydrogen  (i.e.,  that  the  desorption  io  thermo -dynamically  not  possible)  or  that  the  kinetics  of 

''esorption  are  highly  hindered.  Niedrach  (21)  has  suggested  the  non-desorbed  species  might  be 

"CO-like".  It  is  also  possible  in  addition,  that  subtle  structural  differences  distinguish  desorb- 

able  from  non-desorbable  ’ethane".  It  may  be  noted  that  the  minimum  values  of  0  (maximum 

E 

value  of  AQ  )  are  not  achieved  at  the  higher  potentials  of  Fig.  20.  It  seems  likely  that  the 
£ 

plateau  values  achieved  represent  a  quasi -equilibrium  value  due  to  a  oalance  between  the  rate 
of  adsorption  and  desorption  at  these  potentials. 

Fig.  21  reveals  that  plateau  values  for  0^  are  also  achieved  when  the  initial 
surface  coverages  are  less  than  0.45.  Corresponding  to  the  initial  adsorption  times  of  15,  50 
and  IOC  sec.,  and  initial  surface  coverages  of  0.  15,  0.32  and  0.45,  final  surface  coverages  of 
0.  11,  0.21  and  0.30,  respectively  are  obtained  or  a  desorption  of  approximately  30%  in  all  three 
cases.  This  seems  to  suggest  some  constancy  in  the  relative  structure  of  the  ad-layer  with 
increase  in  both  adsorption  time  and  total  surface  coverage. 

2.  Measurement  of  Ethane  Desorption  Rate  in  the  Absence  of  Pre ’■Adsorbed  Ethane 
The  experiments  discussed  above  involved  the  adsorptim  of  a  fixed  amount  of 
ethane  at  0.  4  v  and  a  desorption  of  the  ad-layer  at  potentials  of  0.  15  v  or  less.  Under  these 
conditions,  there  is  a  net  desorption  which  reaches  a  final  value  at  the  lower  potentials.  If  on 
the  other  hand,  the  experiment  is  begun  with  zero  initial  surface  '  overage,  and  at  a  potential 
between  approximately  0.  15  and  0,  30  v,  there  is  an  over-all  rate  of  adsorption  which  appears 
to  include  a  desorption  term  (see  section  4.  i.  1.2).  The  rate  of  desorption,  was  calculated 

from  previous  data  as  already  described,  and  the  results  plotted  on  Fig.  22.  Wlvereas  tb„  rate 
of  adsorption  of  pre-adsorbed  ethane  was  found  to  increase  exponentially  with  surface  coverage 
(equation  45),  R^^  is  found  to  decrease  with  increasing  coverage.  No  simple  law  describes  the 
dependence  of  R^^  on  c  on  U.  The  implication  of  this  desorption  rate  is  that  it  may  corre¬ 
spond  to  the  desorption  of  a  transient  species  not  present  in  the  pre-adsorbed  ethane  ad-layer. 
This  possibility  will  be  given  further  attention  below. 


4-50 


. . . . 


3.  Mechanism  of  the  Desorption  of  Ethane 

The  following  mechanism  has  already  been  proposed  for  the  adsorption  of  ethane 
(section  4.  1.  1.  Z); 

1)  CjHa  (dissolved)  +  2S  -*  CgHg  +  H 

I  I 

S  S 

2)  CgHg  +  aS  -  Further  dehydrogenation  (Spacies  II) 

I 

S 

Reaction  2  was  postulated  because  the  rate  of  adsorption  (production  of  adsorbed  ethyl  radicals) 
required  two  surface  sites  (second  order)  whereas  the  stable  ad-molecule  (species  II)  appeared 
to  occupy  four  surface  sites.  The  kinetic  data  discussed  above  appears  to  offer  additional  evi¬ 
dence  for  the  existence  of  an  adsorbed  ethyl  radical  intermediate  for  the  following  reasons: 

1)  When  ethane  is  adsorbed  at  0.  4  v  it  is  only  the  stable  species  II  which  would 
appear  on  the  surface  and  which  may  be  desorbed  at  potentials  <  ~  0.  15  v.  The  desorption  of 
species  II  follows  an  exponential  law  (Equation  45). 

2)  When  there  is  initially  no  etiiane  on  the  surface,  an  apparent  rate  of  adsorption 
may  be  measured  for  potentials  greater  than  approximately  0.  15  v.  This  apparent  rate  includes 
a  desorption  term  (for  potentials  up  to  approximately  0.28  v).  The  desorption  occurs  in  a  range 
of  potentials  in  which  pre-adsorb  a  v'thane  (species  II)  does  not  noticeably  desorb.  Further,  the 
i:ite  of  desorption  does  not  increase  exponentially  with  increase  in  surface  coverage,  as  is  the 
case  for  the  pre -adsorbed  ethane,  but  decreases  with  increasing  surface  coverage.  This  suggests 
that  only  the  precursor  of  species  II,  i,e.,  adsorbed  ethyl  radicals,  must  be  desorbed  under  these 
conditions. 

The  kinetic  information  discussed  previously  suggests  that  the  reduction  of  species 
II  involves  two  electrons.  Assume  for  example  that  species  II  includes  only  one  structure  of 
stoichiometry  CsHg.  Then  the  rate-determining  step  in  the  desorption  of  species  II  may  be 
wruten  in  either  of  two  ways: 

1)  C2H3,  ^  ,  +  2e-  +  ZH'*'  -  C3H4,  . 

(ads.)  *{ads.) 


2)  a)  H  +  e 
b)  CsHa 


H 


(ads. ) 


(ads.)  (ads.)  (ads.) 

Both  paths  1  and  2  involve  the  proper  number  of  electrons.  The  rate  of  p.ath  I  would  have  the 
observed  dependence  on  potential  (equation  45).  The  anticipated  kinetic  expression  for  path  2 
would  be: 


Tt”  ^  exp(me^) 


(47) 


where  f(6,,)  ”  a  function  representing  the  activity  of  ad-orbed  hydrogen  in  terms  of  its  surface 
H 
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concentration.  From  Fig.  19,  the  instantaneous  value  of  6^^  is  only  (approximately)  linearly 
dependent  on  the  potential.  Hence  for  p?th  2  to  have  the  proper  potential -dependence  it  would 
be  required  that: 

f(0„)  =  H'/H"  exp(an  U  F/RT)  (48) 

H 

or,  in  other  words,  that  the  activity  of  adsorbed  hydrogen  be  proportional  to  the  partial  pressure 
of  gaseous  hydrogen  in  equilibrium  with  the  surface,  rather  than  simply  proportional  to  the  sur¬ 
face  concentration.  This  possibility  cannot  be  dismissed  as  unlikely.  Hence  either  path  one  or 
two  is  possible.  A  similar  set  of  mechanisms  could  be  written  for  the  reduction  of  a  surface 
species  of  any  stoichiometry  from  Cg  to  CgH*.  The  subsequent  fast  steps  would  involve  further 
and  relatively  rapid  reduction  to  CgH^  of  the  product  of  the  first  (slow)  step. 

Approximately  two-thirds  of  the  pre -adsorbed  ethane  of  our  experiments  could  not 
be  desorbed.  This  residue  could  be  formed  directly  from  adsorbed  ethyl  radicals  or  could  form 
from  species  II  by  further  surface  reaction.  Since  the  major  product  of  hydrogenation-desorption 
is  ethane  (21)  it  is  reasonable  to  assume  that  species  II  contains  only  two  carbons  and  hydrogen. 

It  is  possible  that  the  non-desorbable  residue  may  contain  some  oxygen  (21). 

4.  1.  1.4  Further  Studies  on  the  Mechanism  of  Ethane  Surface  Processes 

As  a  result  of  the  studies  reported  in  sections  4.  1.  1.2  and  4.  1.  1.3  there  is  now  some 
knowledge  of  the  mechanism  of  adsorption  and  desorption  of  ethane  under  fuel  cell  conditions,  and 
some  preliminary  information  on  the  structure  of  the  ethane  ad-layer.  Additional  information  on 
the  structure  of  the  ad-layer  and  its  reactivity  require  a  study  of  possible  "intermediates”  under 
the  same  conditions  of  study  as  used  for  ethane.  Experiment-a  are  currently  being  conducted  on 
ethylene. 

The  information  obtained  for  ethane  at  60°C  now  makes  it  possible  to  make  some 
meaningful  measurements  in  phosphoric  acid  at  elevated  temperatures.  Equipment  is  being 
modified  for  that  purpose. 

4.  1.  1.5  Conclusions 

The  application  of  a  pulse  sequence  to  a  platinum  electrode  at  elevated  temperatures 
leads  to  variation  in  the  estimated  surface  roughness,  as  calculated  from  hydrogen -deposition 
or  "oxygen-adsorption"  measurements.  These  variations  are  brought  about  during  the  reduction 
of  surface  "oxygen".  Relatively  rapid  reduction  causes  an  increase  in  roughness,  whereas  rela¬ 
tively  slow  reduction  leads  to  a  decrease  in  roughness.  By  use  of  the  proper  signal,  it  is  possible 
to  adjust  the  roughness  factor  of  the  surface  to  any  value  somewhat  above  1.0  and  below  the  values 
corresponding  to  platinum  "blacks". 


Elhaae  may  be  adsorbed  at  a  potential  of  0  4  v,  and  the  amount  adsorbed  may  be 
measured  by  oxidation  of  the  ad-layer  and  determination  of  the  corresponding  charge,  Q  .  If 
the  ad-layer  is  subjected  to  potentials  lower  than  approximately  0.2  v,  a  decrease  In  Q  can  be 
measured,  corresponding  to  desorption  of  species  in  the  ad-layer,  Q  can  be  made  to  undergo 
a  maximum  decrease  of  approximate  y  30%.  By  following  the  time  and  potential-dependene  of 
the  desorption,  it  has  been  concluded  that  the  rate  of  desorption  is  exponentially  dependent  on 
the  electrode  potential  and  on  the  extent  of  surface -cove ra ge .  The  kinetic  data  allows  specula¬ 
tion  on  the  mechanism  of  desorption  of  ethane  surface  species. 

When  the  desorption  processes  are  minimized,  the  rate  of  adsorption  of  ethane  is 
initially  constant  and  then  follows  an  empirical  Elovich  relationship.  The  data  may  be  inter¬ 
preted  as  indicative  of  an  adsorption  rate -determining  step  which  is  second-order  in  free  sur¬ 
face  sites,  and  first  order  in  dissolved  ethane  concentration.  This  applies  from  zero  to  high 
fractional  surface  coverages.  Departure  from  this  law  at  highest  surface  co.erages  may  be 
due  to  steric  hindrance  effects.  Some  qualitative  observations  on  oxidizeability  of  the  ethane 
ad-layer  may  be  made  on  the  basis  of  the  measured  current-potential  curves. 

4.1.2  Semi -Micro  Fuel  Cell  Electrodes  (Dr.  L.  W.  Niedrach,  Dr.  S.  Gilman,  I.  Weinstocki 

Multipulse  potentiodynamic  techniques  are  being  applied  to  the  study  of  the  behavior  of 
hydrocarbons  with  semi -micro  Teflon-bonded  fuel  cell  electrodes.  At  intermediate  potentials 
ethane  initially  adsorbs  at  a  linear  rate  and  subsequently  follows  the  Elovich  relationship.  When 
ethane  adsorbed  on  the  electrode  is  oxidized  with  a  linear  potential  sweep,  the  behavior  indicates 
that  several  species  are  present  on  the  electrode  surface;  one  appears  to  be  partially  oxidized 
and  related  to  CO  and/or  formic  acid.  Tlicse  results  parallel  similar  result  obtained  with  wire 
electrodes.  The  behaviors  of  methane  and  propane  resemble  that  of  ethane  in  the  qualitative  sense, 
but  quantitative  differences  are  seen.  Unsaturated  ethylene  adsorbs  more  rapidly  than  the  un¬ 
saturated  hydrocarbons  and  the  pre-wave  is  not  obtained.  Experiments  with  ethane  with  perchloric 
arid  and  hydrofluoric  acids  indicate  no  gross  qualitative  differences  in  its  adsorption  and  surface 
behavior  with  the  two  electrolytes.  Subtle  quantitative  differences,  therefore,  appear  to  account 
for  the  differences  in  behavior  of  hydrocarbons  in  fuel  cells  with  perchloric  and  hydrofluoric  acid 
electrolytes. 

It  is  the  purpose  of  this  work  to  investigate,  in  more  detail  t’lan  can  be  done  with  com¬ 
plete  fuel  cells,  the  behavior  of  hydrocarbon  fuels  on  Teflon-bonded,  platinum  black  electrodes. 
Because  the  multipulse  potentiodynamic  techniques  being  employed  are  similar  to  those  be'.ng 
usi  d  with  wire  micro-electrodes,  it  is  anticipated  that  the  present  studies  will  also  serve  as  an 
effective  bridge  in  relating  the  latter  work  to  the  observed  behavior  of  hydrocarbons  in  complete 
fuel  cells.  Particular  attention  is  being  given  to  the  rates  of  adsorption  and  the  nature  of  the 


I 
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species  that  form  on  the  surface  of  the  electrode.  Both  of  these  aspects  are,  in  turn,  being 
related  to  the  uv^er-all  polarization  curve  for  the  fuel  electrode. 

Major  attenilv/n  has  so  far  been  focused  upon  the  behavior  of  ethane  with  a  perchloric 
acid  electrolyte  in  order  to  obtain  maximum  correlation  w'ith  the  work  reported  in  Section  4.  1.  1. 
Hov/ever,  some  work  has  also  been  done  with  several  other  hydrocarbon  fuels  and  with  hydro¬ 
fluoric  acid  as  an  electrolyte. 

4.  1.2.  1  Experimental 

The  three-compartment,  electrochemical  cell  wap  made  of  Teflon  and  was  similar  to 
that  illustrated  in  an  earlier  report  (1).  The  anode,  a  miniature  version  of  a  fuel  cell  electrode, 
consisted  of  a  0.20  cm  diameter  Teflon-bonded  platinum  black  electrode  (2).  This  electrode, 
which  was  mounted  in  the  center  of  a  thin  (approx.  0.005  inch)  platinum  washer,  was  horizontally 
fixed  in  the  cell,  with  connections  for  admitting  fuel  and  venting  products  made  through  the  bottom. 
The  electrolyte  side  of  the  support  washer  was  electrically  insulateo  from  the  electrolyte  by 
bonding  to  it  a  thin,  non-porous  Teflon  film.  The  electrical  connection  for  the  electrode  to  the 
external  circuitry  was  also  made  through  the  bottom  of  the  cell. 

The  reversible  hydrogen  reference  electrode  communicated  with  the  anode  through  a 
Luggin  capillary.  A  porous  Teflon  plug  in  this  leg  minimized  diffusion  of  hydrogen  to  the  anode 
chamber.  The  counter  electrode  waa  also  separated  from  the  anode  chamber  via  a  porous  Teflon 
plug.  Both  electrodes  were  platinized  platinum  flags.  The  cell  was  operated  in  an  air  thermostat, 
enabling  control  of  temperature  to  ±  0.  1®C. 

The  4.  3  N  perchloric  acid  electrolyte  solution  used  for  most  of  the  work  was  prepared 
from  reagent  grade  perchloric  acid  and  quartz  distilled  water.  A  36  wt  %  hydrofluoric  acid 
electrolyte  was  prepared  by  diluting  reagent  grade  acid  with  the  quartz  distilled  water. 

Electrolyte  grade  hydrogen  was  used  in  the  reference  electrode  chamber,  and  Phillips 
research  grade  hydrocarbons  were  used  as  the  fuels.  Tank  argon,  de -oxygenated  by  passage 
over  heated  copper  turnings,  was  used  as  the  "fuel"  for  obtaining  solvent  blanks.  Tank  argon 
was  also  used  for  de-gassing  the  solution. 

The  signal  generator  was  a  Hewlett-Packard  Model  202A,  modified  to  generate  single 
triangular  sweeps.  Potential  steps  were  obtained  using  batteries  and  switches.  The  potentiostat 
was  a  Wenking  "Fast  Rise"  Potentiostat,  Model  6lR.  The  current -time  (potential)  signals  were 
measured  with  a  Te-tronix  Type  536  oscilloscope  using  type  D  and  type  T  plug-ins. 


(1)  Technical  Summary  Report  No,  4,  Part  1,  p.  5-82;  Contract  No.  DA-44-009-ENG-4909, 
ARPA  Order  No.  247,  Project  No.  8A72-13-001-506,  December  31.  1963. 

(2)  L.  W.  Niedrach  and  H.R.  Alford,  Saturated  Hydrocarbon  Fuel  Cell  Program:  A  New  High 
Performance  Fuel  Cell  Employing  Conducting  —  Porous  —  Teflon  Electrodes  and  Liquid 
Electrolytes.  Contract  DA  44-009-AMC -479  (T),  ARPA  Order  No.  247,  Project  No.  P4980. 

4-54 


'T 


1 


(A) 

1.7V 

15" 


(B) 

!.2V 


r  STIRRING 
r  QUIET 


m 

0.06V 

(C) 


U 


(D) 


/ 


/ 


/ 


/  ANODIC  SWEEP,  V 

Ae) 

OR 


\(E‘) 


CATHODIC  SWEEP,  v 


\ 


\ 


\ 


Fig.  23  Potential  Sequences  Applied  To  The  Test  Electrode. 

The  potential  •time  sequence  applied  to  the  anode  for  adsorption  studies  at  constant 
potential  is  shown  in  Fig.  23.  The  significance  of  the  steps  is  covered  below, 

1)  Pre-treatment  step  (15  sec)  to  remove  oxidizable  impurities  and  to  produce  a 
layer  of  adsorbed  oxygen  which  serves  to  block  adsorption.  The  solution  is 
vigorously  stirred  and  purged  with  argon  to  remove  molecular  oxygen  and 
oxidation  products  formed. 

2)  Potential  step,  during  which  the  oxygen  layer  formed  in  1)  is  maintained,  and  the 
solution  is  purged  for  an  additional  1  minute.  The  solution  is  then  allowed  to  be¬ 
come  quiet  for  1  minute. 

3)  Reduction  step,  during  which  the  adsorbed  oxygen  layer  is  reduced  within  a  few 
seconds.  At  this  low  potential  the  adsorption  of  the  hydrocarbons  is  blocked. 
Omission  of  this  step  had  no  detectable  effect  on  the  equilibrations. 

4)  Adsorption  step,  during  which  the  hydrogen  from  3)  is  rapidly  oxidized,  exposing 
a  reproducibly  clean  surface  for  adsorption.  The  duration  of  this  step  is  the  ad¬ 
sorption  time,  T  , 

5)  Anodic  sweep  at  rate  V  -  0.  Iv/sec.  The  adsorbed  fuel  is  oxidized  and  the  surface 
covered  with  a  layer  of  adsorbed  oxygen.  Subtraction  of  the  charge  due  to  surface 
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oxidation  from  the  total  charge  yields  the  charge  required  to  oxidize  the  species 
derived  from  the  adsorbed  fuel.  Or, 

5a)  Cathodic  sweep  at  0.025  v/ sec  which  is  used  for  determination  of  surface  area  by 
measurement  of  charge  required  for  hydrogen  deposition.  In  this  case,  argon  is 
substituted  for  the  hydrocarbon  fuel. 

Polarization  curves  were  obtained  in  two  ways.  The  first  method  involved  sequential 
steps  from  one  operating  point  to  another.  In  the  other  method,  the  electrode  was  acti  vated  be¬ 
fore  each  point  and  the  current  recorded  after  a  10-minute  equilibration  with  the  fuel  at  the 
desired  voltage  point.  The  two  methods  gave  essential./  identical  results. 


4.  1.2.2  Results  and  Discuf  sion 

A.  Frequency  Dependence 

In  preliminary  studies  it  had  been  found  that  slower  sweep  speeds  must  be  used 
with  the  povous  Teflon  bonded  electrodes  than  are  premissible  with  wire  electrodes  (3).  In  large 
part,  this  reflects  the  diffuse  structure  of  the  electrode  and  internal  IR  drops  inherent  to  it. 
Additional  measurements  have  been  made  to  more  clearly  establish  the  useful  range  of  sweep 
rates . 

As  had  been  previously  noted,  the  hydrogen  deposition  wave  used  for  area  measure¬ 
ments  is  more  sensitive  to  sweep  speed  than  the  wave  associated  with  the  oxidation  of  the  electrode 
surface.  Cbcidation  of  adsorbed  ethane  responds  much  as  the  surface  oxidation. 

The  useful  sweep  rate  range  for  the  determination  of  the  electrode  area  extends 
from  0.010  to  0.  10  v/sec.  As  indicated  by  the  data  in  Table  V,  the  reproducibility  within  this 
range  is  about  57o.  A  sweep  rate  of  0,025  v/sec  was  routinely  used  for  this  purpose: 

TABLE  V 

Efi  .  of  Sweep  Rate  on  Charge  for  Hydrogen  Deposition 

Sweep  Rate 
(V/sec) 

0.010 
0.015 
0.025 
0.  040 
0.060 
0.  080 
0.  10 
(0.25) 


(3)  Semi-annual  Report  No.  5  on  "Hydrocarbon  —  Air  Fuel  Cells",  1  January  1964  —  30  June  1964, 
Contract  Nos.  DA  44-009-ENG-4909  and  DA  44-009 -ENG-479  (T),  p.  4,3. 


Millicoulombs 

'2.  3 
10.  8 

11.9 
11.0 
12.  ; 

12.  4 

10.9 
(9.2) 

Avg.  11.7  (0.25  v/sec  value  excluded) 
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The  effect  of  sweep  frequency  on  the  hydrocarbon  oxidation  wave  was  examined 
with  ethane  at  60°C.  Preliminary  qualitative  examination  of  representative  traces  narrowed  the 
potentially  u'eful  range  down  to  0.  1  —  1.0  v/sec.  At  lower  sweep  rates,  background  currents 
associated  with  re-adsorbing  fuel  become  excessive.  At  higher  s  weep  rates  the  waves  lose 
structure . 

As  indicated  by  the  data  in  Table  VI,  sweep  rates  in  the  range  0.  1  —0.4  v/sec 
gave  consistent  values  for  the  surface  coverage  as  measured  by  the  area  bracketed  by  sweeps 
obtained  in  the  presence  and  absence  of  fuel. 


TABLE  VI 

Effect  of  Sweep  Rate  on  Charge  to  Oxidize  Adsorbed  Ethane, 
4.3  N  HCi04.  T  =  60'"C. 


Sweep  Rale 
(v/sec) 

0.092 
0.  18 
0.  40 
0.92 


Millicoulombs 


Because  of  the  more  sharply  defined  structures  of  the  traces  obtained  at  0.  Iv/sec, 
this  sv/eep  rate  was  adopted  for  the  work  that  follows. 


B.  Ethane  with  a  Perchloric  Acid  Electrolyte 


The  general  form  of  the  current -voltage  trace  obtained  during  the  oxidation  of  .*  d- 
sorbed  ethane  with  a  linear  potential  sweep  is  shown  for  a  range  of  equilibration  times,  potentials, 
and  temperatures  in  Figs.  24—26.  Fig.  24  presents  a  series  of  traces  shov/ing  the  behavior  of 
adsorbed  ethane  at  60°C  for  various  equilibration  times  at  a  potential  of  0.  30  volt.  A  comparison 
showing  the  effect  of  the  equilibration  potential  on  the  structure  of  the  oxidation  wave  at  60° C 
appears  in  F'ig.  25.  These  data  were  all  obtained  after  10-minute  equilibrations,  because  it  had 
become  evident  at  this  temperature  that  limiting  or  steady-state  conditions  were  essentially  at¬ 
tained  after  this  interval.  In  each  case  two  curves  are  shown.  The  lower  trace,  obtained  with 
argon  serving  as  the  "fuel",  provides  a  reference  curve  for  the  coverage  of  a  clean  electrode  with 
oxygen.  The  upper  trace  is  that  obtained  for  the  adsorbed  fuel.  Similar  data  showing  the  effect 
of  temperature  on  the  form  of  the  oxidation  wave  for  adsorbed  ethane  appear  in  Fig.  26.  Here 
again,  10 -minute  equilibrations  were  employed;  however,  at  the  lower  temperature,  steady- 
.1  state  conditions  were  not  reached  within  the  lO-minute  period. 

I  At  equilibration  potentials  below  0.  7  volt,  the  curves  for  ethane  can  be  seen  to  be 

i 

'  I  composed  of  at  least  two  distinct  regions.  The  more  active  of  these  regions  occurs  at  potentials 
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Fig.  24.  Current-Time  (Potentia')  Traces  For 
Varying  Adsorption  Times  At  0.3V. 


below  which  oxidation  of  the  platinum  surface  normally  takes  place.  It  is  immediately  evident  that 
the  magnitude  of  this  "pre-wave"  represents  one  of  the  more  important  variations  re’ating  to  the 
experimental  conditions.  Therefore,  in  obtaining  quantitative  data  relating  to  the  effects  of  time, 
temperature,  and  potential,  attention  was  focused  upon  the  charge  associated  with  the  pre-wave 
as  well  as  the  ever -all  wave  for  the  adsorbed  ethane. 

The  magnitude  of  the  charge  associated  with  the  oxidation  of  the  material  adsorbed 
after  any  time.  Q  ,  was  obtain  i  by  integrating  the  area  enclosed  by  the  solvent  curve  and  the 

£if 

region  of  the  ethane  adsorption  curve  of  interest.  The  heavily  shaded  areas  in  Figs.  25  and  26 

represent  Q_.  the  charge  associated  with  the  pre-wave.  The  entire  shaded  area  represents 

Q_  the  charge  associated  with  all  of  the  measurable  carbonaceous  species*  on  the  surface. 

£  tot. 

It  is  to  be  noted  that  any  hydrogen  formed  by  dissociation  is  not  included  in  these  measurements. 


Because  a  number  of  electrodes  are  being  used  in  this  work,  all  adsorption  data  have  been 


*In  Section  4.  1.  1,  evidence  is  presented  for  the  accumulation  of  an  extremely  refractory 
species  on  the  surface  of  an  electrode.  This  species  is  but  slow’^y  removed,  even  in  the 
oxygen  evolution  region.  Indirect  evidence  has  been  seen  for  such  a  species  in  the  present 
work,  in  that  less  material  appears  to  be  adsorbed  ut  0.3  volt  after  an  intervening  equi¬ 
libration  at  0.9  volt  than  when  a  direct  step  is  taken  to  0.  3  volt  after  the  activation  treat¬ 
ment. 
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normalized  to  charge  per  unit  of  "real"  durface  area  as  determined  by  cathodic  deposit’on  of 
hydrogen  on  the  electrode.  A  conversion  factor  of  0.21  m  coul  /  cm^  was  uted  in  calculating 
the  "real"  area.  This  method  of  normalization  also  makes  the  data  directly  comparable  with 
that  in  Section  4.  1.  1. 

Variations  in  Q  with  time  at  different  temperatures  and  potentials  are  shown 
£ 

tot 

in  Figs,  27  and  28,  i  espect’''rly.  The  effect  of  time  on  the  ratio  of  Q.^  :  is  summarized 

E.  F 
*  tot 

in  Table  VII.  It  is  significant  that  the  ratio  of  Q  :  Q  remains  essentially  constant  with 

"  tot 

time  at  each  potential.  This  justifies  the  use  of  a  constant  equilibration  time  in  comparing  the 
behavior  at  different  equilibration  potentials  as  is  done  in  Fig.  29  for  bO'^C.  Similar  data  showing 
the  effect  of  temperature  arc  summarized  in  Fig.  30.  These  last  data  are  probably  least  meaning¬ 
ful,  because  as  is  evident  from  Fig.  27,  surface  satu’^ation  or  steady  stale  is  not  reached  within 
10  minutes  at  25°C  nor  is  it  achieved  at  42'C.  Nevertheless,  the  pronounced  trends  associated 
with  the  magnitude  of  the  pre-wave  and  its  ratio  to  the  total  wave  are  probably  significant. 

In  considering  these  data  relating  to  the  behavior  of  ethane  in  more  detail,  it  will 
be  most  straightforward  to  examine  the  bO^C  results  first  pmd  to  relate  them  to  the  corresponding 
work  with  wire  micro-electrodes.  In  both  cases  the  adsorbed  hydrocarbon  is  oxidized  in  stages  as 
the  potential  is  swept  from  the  equilibration  value  to  higher  values,  and  a  clearly  delineated 
"pre-wave"  occurs  at  potentials  below  that  at  which  an  oxide  film  forms  on  the  platinum. 


TABLE  VU 


Potential 
(volts ) 

0.  3 


0.  35 


0.  50 


Effect  of  Time  and  Potential  on  Q_  :  Q_, 

_ El  E  tot 

T  =  bO^C 


Time 

Q  :  Q 

(sec) 

act 

15 

0.3b 

30 

0.42 

bO 

0.42 

120 

0.41 

300 

0.45 

boo 

0.  48 

15 

0.  50 

bO 

0.49 

120 

0.48 

200 

0.47 

boo 

0.  50 

15 

0.  43 

bO 

0.38 

120 

0.  35 

300 

0.  3b 

boo 

0.  33 
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Fig.  28.  Surface  Charge  Associated  With  Ethane 
Adsorbed  At  Different  Potentials. 
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Fig.  29.  Effect  Of  Potential  On  Total  Surface  Charge  And  Prewave 
Charge  From  Adsorbed  Ethane. 


Fig.  30.  Effect  Of  Temperature  On  Total  Surface  Charge  And  Prewave 

Charge  For  Adsorbed  Ethane. 


The  data  obtained  at  fO^C  by  the  two  approaches  are  also  in  reasonable  quantitative 
agreement.  It  is  thus  seen  that  the  maximum  in  the  surface  coverage,  in  terms  of  millicouiombs/ 
cm®,  occurs  in  the  region  of  0.3  volt.  At  low  potentials  (<  0.  1  volt)  adsorption  is  severely 
hindered,  undoubtedly  because  the  required  dissociation  of  the  adsorbing  hydrocarbon  is  re¬ 
pressed  by  the  hydrogen  on  the  electrode  surface.  At  potentials  above  0.  3  volt,  the  coverage 
again  declines  as  it  adjusts  to  accommodate  the  adsorption  rate  to  the  rate  of  electro-oxidation. 

The  kinetic  data,  in  terms  of  millicoulombs/cm®  on  the  surface,  in  Figs.  27  and 
28  obtained  at  bO^'C  are  also  in  satisfactory  agreement  with  the  data  of  Section  4.  1.  1  (shown  on 
Figs.  27  and  28  as  broken  lines).  In  both  cases  the  rate  of  adsorption  of  ethane  is  iniiially 
constant  (see  Fig.  27)  and  then  follows  an  empii  ical  Elovich  relationship  over  a  moderate  range. 
The  maximum  adsorption  rate  (corresponding  to  ihe  initial  linear  region)  is  about  0.010  m  coul/ 
"m^/sec,  or  the  equivalent  current  density  of  10  microamps  /  cm®  in  both  cases.  With  the  Teflon 
bonded  electrodes  "saturation"  coverages  are  lower  than  those  observed  with  the  wire  electrodes; 
cf.  the  positions  of  the  plateaus  in  Figs.  27  and  28. 

With  the  information  presently  available,  it  is  not  possible  to  firmly  identify  the 
individual  species  involved  on  the  surface.  It  is  certain,  however,  that  they  do  not  correspond 
to  undissociated  ethane.  More  than  likely,  several  species  are  involved,  and  from  the  data  in 
Section  4.  1.  1  it  appears  that  an  average  C:H  ratio  of  1  prevails.  Additional  inferences  can  be 
made  from  the  observed  temperature  effects  and  other  data. 

Considering  first  the  data  of  Figs.  26  and  30  showing  the  effect  of  temperature  on 
the  oxidation  curves  for  adsorbed  ethane,  it  is  noted  that  the  pre-wave  becomes  more  prominent 
as  the  temperature  is  raised.  An  attractive  explanation  of  this  phenomenon  based  upon  past 
observations  is  that  the  pre-wave  is  associated  with  a  species  derived  from  the  reaction  of  a 
primary  adsorption  species  with  water.  This  might  be  via  a  direct  chemical  reaction  or  via  an 
electrochemical  route;  the  species  might  itself  be  either  a  necessary  reaction  intermediate  along 
the  major  route  involved  in  the  over -all  oxidativ-’n  of  ethane  or  it  could  be  a  byproduct  that  reaches 
a  steady  state  on  the  surface. 

This  new  species  might  thus  be  the  "CO-like"  surface  species  previously  suggested 
by  Niedrach  (4)  or  the  "reduced  COg"  of  Giner  (5),  both  of  which  undoubtedly  refer  to  identical 
materials.  To  obtain  additional  information  bearing  on  such  an  interpretation,  experiments  were 
performed  at  60®C  in  which  the  electrode  —  after  the  standard  activation  procedure  —  was 
equilibrated  with  CO  (at  0.3  volt),  COg  (at  0.06  and  0.2  volt),  and  argon  saturated  with  formic 
acid  vapor  at  25°C  (at  0.06  and  0.2  volt)  prior  to  a  potential  sweep.  The  results  of  these  experi¬ 
ments  are  shown  in  Fig.  31. 


(4)  L.  W.  Niedrach,  J.  Electrochem  Soc  111,  1309  (1964). 

(5)  J.  Giner,  Electrochemica  Acta,  8,  857  (1963). 
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Fig.  31.  Current-Potential  Curves  For  Several 
Carbonaceous  Materials  On  Pt 

The  positions  of  the  oxidation  waves  for  the  three  oxygenated  materials  relative  to 
that  of  the  pre-wave  from  ethane  strongly  suggest  that  a  species  closely  related  to  them  is  in¬ 
volved  in  the  oxidation  of  ethane.  This  idea  is  further  supported  by  the  observation  that  the  pre- 
wave  for  ethane  is  not  removed  by  cathodic  hydrogenation  of  the  electrode.  As  has  been  previously 
noted,  carbon  monoxide  behaves  in  a  similar  fashion  (4),  and  the  waves  for  reduced  COa  and 
formic  acid  were,  of  course,  obtained  after  equilibrations  at  hydrogenating  potentials;  e.g.  0.06 
volt.  Additional  evidence  that  the  pre-wave  is  an  oxygenated  species  derives  from  related  ob¬ 
servations  on  propane  in  section  4.  1.4. 

While  the  nature  of  the  species  associated  with  the  pre-wave  appears  to  be 
narrowed  down  to  a  partially  oxidized  species,  related  to  CO  and  formic  acid,  additional  work 
will  be  required  to  identify  it  more  specifically  and  to  define  its  role  as  an  active  intermediate  or 
byproduct.  Resolution  of  the  latter  point  is  of  particular  importance  in  view  of  the  fact  that  the 
’’CO-Iike"  species  already  strongly  manifests  itself  at  potentials  as  low  as  0.  15  volt. 

As  far  as  the  second  wave  for  ethane  is  concerned,  the  present  work  sheds  no 
light  in  this  area.  It  would  appear  likely,  however,  that  this  wave  involves  a  partially  dehydro¬ 
genated  ethylenic  species.  Because  the  state  of  the  hydrogenation  is  uncertain,  it  is  not  possi¬ 
ble  to  reach  definitive  conclusions  concerning  the  over-all  saturation  of  the  surface  sites  on  the 
electrode. 
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In  the  discussion  so  far,  the  effect  of  temperature  in  the  rate  of  adsorption  has 
not  been  considered.  The  data  in  Fig.  27  shows  that  the  over-all  adsorption  at  25°C,  when  ex¬ 
pressed  in  terms  of  millicoulombs /cm^  of  "real"  electrode  area,  follows  a  pattern  similar  to 
that  observed  at  60°C.  Similar  results  were  also  obtained  at  42*^0  (not  shown).  Although  the 
equilibrations  at  the  lower  temperatures  were  iiot  continued  to  "saturation",  it  is  significant 
that  higher  total  surface  charges  were  realized  in  both  these  cases  than  in  the  equilibration  at 
bO°C.  This  undoubtedly  reflects  the  influence  of  the  partially  oxidized  "CO-like"  species  on  the 
surface  at  the  higher  temperatures. 

One  additional  point  fo-  consideration  is  the  relationship  between  the  adsorption 

data  and  the  polarization  curve  for  the  electrode  operating  on  ethane.  Such  a  curve  obtained  at 

bO°C  is  shown  in  Fig.  32.  The  abscissa  is  expressed  in  terms  of  the  current  density  per  unit 

of  "real"  and  geometrical  area  of  the  electrode.  Therefore,  the  data  may  be  related  to  the 

adsorption  studies  as  well  as  performance  curves  for  real  fuel  cells.  Also  shown  in  Fig.  32 

are  the  measured  surface  coverage*^,  Q  and  Q  ,  f.-om  Fig.  27.  The  form  of  the  polari- 

*  tot 

zation  curve  is  typical  of  those  for  a  variety  of  fuels  when  the  data  are  obtained  potentio- 
statically.  Even  hydrogen  shows  the  minimum  in  the  region  from  0.9  to  1.4  volt  on  smooth 
platinum.  Over  the  potential  range  from  0.3  to  0.45  volt,  the  curve  has  a  linear  Tafel  region 
with  a  slope  of  0.066  v/decade  of  current.  The  magnitude  of  the  "maxirr.um"  current  is  some¬ 
what  low  on  the  basis  of  the  adsorption  rate  for  ethane  on  a  clean  surface  —  0.0024  ma/cm^ 
"real"  area  vs  a  calculated  value  of  >0.010  ma/cm®.  This,  as  well  as  the  fact  that  the  "maxi¬ 
mum"  occurs  when  there  is  yet  an  appreciable  concentration  of  adsorbed  material  on  the 
electrode  surface,  indicates  that  the  maximum  current  is  established  in  this  case  neither  by  a 
limiting  rate  of  mass  transport  nor  by  a  limiting  over -all  rate  of  adsorption  on  a  clean  surface. 
It  could,  however,  reflect  a  limiting  adsorption  rate  on  a  surface  partially  covered  with  re¬ 
fractory  hydrocarbon  residues,  oxygen  (at  60^*0  the  surface  oxide  starts  to  form  between.  0,6 
and  0,  7  volt),  and  adsorbed  ions.  Additional  work  will  be  required  to  establish  this  limiting 


C .  Other  Fuels  with  a  Perchloric  Acid  Electrolyte 

A  limited  amount  of  data  have  been  obtained  for  fuels  other  than  ethane.  These 
are  shown  in  Fig.  33  in  the  form  of  voltage  sweep  traces  after  equilibrations  at  various  potentials. 

Qualitatively,  all  of  the  saturated  hydrocarbons  show  similar  behaviors.  The 
pre-wave  shows  greatest  prominence  in  the  case  of  methane  and  ethane,  but  it  also  manifests 
itself  for  propane.  The  structure  of  the  trace  for  propane  at  the  higher  potenti.als  is  more 
complex  than  for  the  lower  hydrocarbons.  This  undoubtedly  reflects  a  greater  variety  of  surface 
species  from  this  more  complex  molecule. 
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Fig.  33.  Curr*.nt -Potential  Curves  For  Several  Hydrocarbon  Fur-ls 
After  r.quilibratior.  At  Ditterent  Potential?. 
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The  behavior  of  ethylene  on  the  semi -rr.ic ro  l  iel  cell  electrode  is  quite  different 
from  that  of  the  saturates.  No  evidence  is  seen  for  the  pre-wave  under  any  circumstances,  and 
the  adsorption  rates  are  much  higher  than  for  the  saturates.  These  observations  are  in  accord 
with  previous  volumetric  and  gal vanostatic  studies  of  the  same  fuels  at  25°C  (4). 

D.  Ethane  with  a  Hydrofluoric  Acid  Electrolyte 

It  is  planned  to  use  ethane  in  a  rapid  examination  of  the  effect  of  various  acid 
electrolytes  on  the  behavior  of  hydrocarbons  on  fuel  cell  electrodes.  Because  oi  recent  obser¬ 
vations  that  higher  hydrocarbons  appear  to  show  improved  performance  with  hydrofluoric  acid 
as  the  electrolyte  (6),  this  material  was  chosen  for  initial  work.  Of  particular  interest  was  any 
difference  in  behavior  that  could  account  for  the  higher,  steady  current  densities  that  can  be  sup¬ 
ported  in  HF  cells  without  the  appearance  of  voltage  decay  and  oscillations. 

A  36%  solution  of  HF  was  employed  and  all  measurements  w'ere  made  at  60°C.  As 
shown  by  the  traces  in  Fig.  34,  the  behavior  of  adsorbed  ethane  is  similar  with  HF  and  HCIO4 
electrolytes.  This  similarity  extends  over  tne  entire  voltage  scale  that  was  examined  —  0.  3  to 
0.9  volt.  With  both  electrolytes  the  clearly  defined  pre-wave  attributed  to  a  "CO-like"  species 
is  evident.  Quantitatively,  it  is  seen  that  the  amount  of  ethane  adsorbed  is  higher  in  the  case  of 
the  HF  and  rate  of  adsorption  was  also  noticeably  higher. 

A  polarization  curve  obtained  with  the  HF  electrolyte  is  shown  in  Fig,  35,  The 
polarization  curve  obtained  with  HCIO4  is  Included  for  reference,  as  are  curves  showing  the  sur¬ 
face  coverage  with  adsorbed  species. 

It  is  clear  that  the  general  form  of  the  polarization  curve  is  similar  with  both 
electrolytes,  as  is  their  relation  to  the  surface  coverage.  The  enhanced  performance  of  hydro¬ 
carbons  with  the  HF  electrolytes  therefore  does  not  appear  to  relate  to  a  gross  qualitative  dif¬ 
ference  in  behavior,  but  rather  to  sub.le  quantitative  differences.  This  may  well  be  associated 
with  differences  in  anion  adsorption  and  the  general  structure  of  the  double  layer.  These  ob¬ 
servations  are  in  accord  with  those  discussed  in  Section  4.  1.  5.  Similar  variations  in  maximum 
currents  have  been  reported  for  other  reacting  species,  e.g-  hydrogen,  when  electrolytes  have 
been  varied.  It  is  not  felt  that  additional  work  on  this  electrolyte  with  the  semi-micro  fuel  cell 
electrode  will  be  helpful. 

4.  1.2.3  Conclusions 

The  adsorption  and  surface  behavior  of  ethane,  as  a  representative  hydrocarbon  fuel, 
on  semi-micro  Teflon -bonded  fuel  cell  electrodes  has  been  found  to  parallel  that  on  wire  electrodes 
in  both  the  qualitative  and  quantitative  senses.  In  both  cases  during  adsorption  at  intermediate 

(6)  Reference  3,  p.  4-41  ff;  p.  4-78  ff. 
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Fig.  34.  Current-Potential  Curves  For  Ethane  With 
HF  And  HCIO4  Electrolytes 
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potentials  a  I’near  law  is  followed  at  low  coverages  and  the  Elovic'i  relationship  at  higher  cover¬ 
ages.  Numerous  properties  of  a  "pre-ivave"  seen  during  the  oxidation  of  adsorbed  ethane  wit.’,  a 
linear  sweep  suggest  that  one  of  the  surface  species  is  partially  oxygenated  and  related  to  carbon 
monoxide  and/or  formic  acid.  The  behaviors  of  methane  and  propane  resemble  that  of  ethane  if 
the  qualitative  sense,  but  quantitative  differences  are  seen.  Unsaturated  ethylene  adsorbs  more 
rapidly  than  the  unsaturated  hydrocarbons  and  the  pre-wave  is  not  obtained.  Experiments  with 
ethane  with  perchloric  acid  and  hydrofluoric  acids  indicate  no  gross  qvialitative  differences  in  its 
adsorption  and  surface  behavior  with  the  two  electrolytes.  Subtl  quantitative  differences  there¬ 
fore  appear  to  account  ’’or  the  differences  in  behavior  of  hydrocarbons  in  fuel  cells  with  perchloric 
nd  hydrofluoric  acid  electrolytes  {6)- 

4.1.3  Studies  of  Hydrocarbon  Macro  Anodes  (Dr.  W.  T.  Grubb/M.  E.  Lazarus) 

Micro  electrode  investigatio  'S  (see  Sections  4.1.1,  4.1.2,  and  4.  1.5)  rely  heavily 
upon  electrical  measurements  to  deduce  the  composition  of  surface  species  and  the  nature  of 
surface  reactions  that  occur.  This  becomes  increasingly  difficult  as  the  reacting  molecules  be¬ 
come  more  complex,  for  example  gas  with  hydrocarbons.  For  this  reason,  a  study  of  large  area 
fuel  cell  electrodes  with  which  constant  current,  constant  potential,  and  other  experiments  could 
be  combined  with  the  analysis  of  products  and  intermediates  was  initiated. 

During  the  preceding  report  period,  a  cell  with  associated  electronic  system  was  con¬ 
structed  and  tested.  During  the  present  report  period,  a  means  for  rapid,  periodic  gas  chromato¬ 
graphic  analyses  has  been  integrated  into  the  system.  The  working  electrode  had  a  hydrogen 
surface  area  10®  to  10®  times  as  great  as  the  micro  and  semi-micro  electrodes  of  Sections  4.  1.  1, 
4.  1.2,  and  4.  1,  5.  This  apparatus  is  discussed  in  Appendix  5.  1. 

Using  this  apparatus,  galvanostatic  product-time  profiles  have  been  micasured,  and  a 
test  for  the  presence  of  surface  CO  bonds  has  emerged  from  this  work.  With  propane  as  fuel  at 
65' C  in  a  phosphoric  acid  electrolyte,  it  has  been  found  that  carbon  dioxide  evolution  is  negligible 
below  about  0.  3  volt  *  and  rising  to  a  peak  value  at  0.  4  volt.  However,  partial  surface  carbon 
oxidation  takes  place  as  '.ow  as  0.2  volt.  Since  the  open  circuit  voltage  of  the  propane  anode  was 
0.  17  volt,  there  is  probably  no  potential  region  in  which  only  hydrogen  eiectrochemically  oxidizes 
without  some  oxidation  of  carbon  occur ri.'g.  There  is  a  definite  potential  region,  however,  in 
which  carbon  partially  oxidizes  without  evolution  of  COa.  This  region  between  propane  open 
circuit  and  0.32  volts,  therefore,  favors  the  formation  of  intermediates  which  could  possibly  be 
desorbed  and  identified. 


=•■  All  voltages  in  this  section  are  against  reversible  hydrogen  potential  in  the  same  electrolyte, 
and  the  sign  convention  is  s  .ich  that  an  oxygen  electrode  would  be  positive. 
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When  CO  is  oxidized,  the  galvanostatic  COg  -time  profile  approaches  the  expected 
form  of  a  square  wave  with  edges  smeared  out  by  diffusion.  The  height  of  this  wave  indicates 
some  loss  of  COg  into  the  electrolyte  in  the  order  of  10-15%  at  the  point  of  maximum  concen¬ 
tration.  It  '  '.ouid  be  possible  to  calibrate  this  loss  as  a  function  of  concentration  and  residence 
time  of  the  sample  in  the  cell  anode  charr\ber.  The  COg  percentages  so  far  obtained  in  the 
hydrocarbon  experiments  are  not  precise  and  are  on  the  low  side  of  true  values  by  several 
percent. 


4.  1.3.2  Ele,;trodes 

This  work  lias  made  use  of  high  area.  Teflon-bonded  platinum  Hack  ele  erodes  of 
the  Niedrach -Alford  structure  (1).  Teflon -bonded  electrodes  us^d  with  immobilized  electro¬ 
lyte  have  previously  een  investigated  with  hydrocarbon  fuels  at  room  temperature  (2)  using 
chi  omatog^aphic  techniques  to  determine  cracking  and  association  products  at  open  circuit. 
However,  it  is  known  that  cracking  is  suppressed  under  anodic  load  (3),  and  no  investigations 
of  the  present  type  involving  the  essentially  continuous  monitoring  of  carbon  dioxide  have  been 
reported. 


Propane  was  selected  as  the  fuel  for  the  initial  experiments  because  of  the  availability 
of  a  chromatograph  and  column  system  with  extensive  calibrations  which  gave  good  resolution 
between  propane,  the  products  of  cracking,  and  carbon  dioxide.  An  interference  between  ethane 
(cracking  product)  and  carbon  dioxide  was  resolved  by  the  use  of  a  carbon  dioxide  adsorbing 
train  before  a  second  chromatograph  system. 

In  terms  of  total  capacity  in  hydrogen  coulombs,  the  m.cro  and  semi-micro  electrodes 
of  Sections  4.  1.  1,  4.  1.2,  and  4.  1.5  compare  with  the  present  electrodes  as  follows: 


Micro  electrode 
(Gilman,  Sec,  4.  1.  1) 

Micro  electrode 
(Cairns,  Sec.  4.  1.  5) 

S'^mi -micro  electrode 
fNiedrach  Sec.  4.1.2) 

Present  electrodes 


0.02  miliicoulombs 

0.  143  miliicoulombs 

12  miliicoulombs 

17,000  miliicoulombs 


I 

"  _  _  ^ 

(1)  Saturated  Hydrocarbon  Fuel  Cell  Program,  "A  New  High  Performance  Fuel  Cell  Employing 

Conducting  -  Porous -Teflon  Electrodes  (Niedrach-Alford)  and  Liquid  Electrolytes",  Contract  ) 
Number  DA  44-009 -AMC -479  (T),  ARPA  Order  Number  247,  Project  Number  P4980.  I 


(2)  Niedrach,  L.W.  Electrochera.  Soc,  HI,  1309  (1964). 


(3)  Grubb,  W.T.,  J.  Electrochem.  Soc.  HI  1086  (1964). 


Despite  the  high  area,  the  analytical  methods  must  have  high  sensitivity  since  17  coulombs  of 
hydrogen  are  still  only  about  90  micromoles.  It  is  fortunate  that  larger  coulombic  equivalents 
are  observed  for  propane.  When  adsorbed  at  0.2  volts,  63  couJ.vmbs  of  propane  (and  its  inters 
mediates)  were  adsorbed  as  shown  by  subsequent  complete  oxidation.  Thus,  total  oxidation  of 
propane  gave  between  3  and  4  (3.7)  electrons  per  hydrogen  site.  The  coulombic  equivalents  of 
several  hydrocarbons  were  similarly  measured  and  the  order  of  total  coulombs  was  methane 
<  ethane  <  propane  =  n  butane  =  i  butane.  The  measured  values  should  be  several  percent  on  the 
low  side  of  true  values  due  to  the  CO3  diffusion  problem. 

4.  1.3.3  Oxidation  of  Propane 

A  propane  erperiinent  will  be  described  i  -  detail  as  illustrative  of  the  procedure 
employed  in  the  work.  Pre -treatment  of  the  electrode  was  as  follows.  Oxygen  was  evolved  from 
the  working  electrode  for  about  15  hours  at  a  constant  current  of  3~.0  ma.  The  electrode  was  then 
reduced  by  evolving  hydrogen  for  a  few  minutes.  The  potential  was  then  set  at  0.4  volts,  and  the 
current  al’owed  to  come  to  equilibrium.  A  small  blank  current  was  observed.  Propane  •  'as  then 
adsorbed  on  the  open -circuited  electrode  by  flowing  excess  propane  through  the  cell.  The  celi  was 
then  set  at  0.2  volt  and  potentiostatically  maintained  at  that  potential.  Current  was  monitored  as 
a  function  of  time.  The  run  was  continued  until  blank  current  value  was  reached  (about  1  hour).  The 
anode  was  maintained  in  contact  with  excess  of  gas  phase  propane  during  this  step.  Integration  of 
the  charge  showed  that  about  1/4  of  the  total  charge  (as  determined  by  this  and  the  subsequent 
galvanostatic  oxidation  step)  was  removed  at  0.2  volt. 

The  system  was  then  set  to  oxidize  at  constant  current,  usually  10  ma,  with  a  slow 
known  flow  of  helium  sweep  gas  through  the  cell  anode  chamber  and  into  the  jas  analysis  system. 

The  voltage -time  profile  obser*.  ed  during  a  typical  propane  run  is  presented  in  Fig.  36. 
The  arrows  indicate  the  points  at  which  gas  analyses  were  made.  Due  to  line  volume  and  slow 
flow  late,  there  is  a  time  lag  ir  the  gas  analysis  which  can  be  rather  closely  estimated  by  dividing 
the  measured  line  volume  by  the  measured  flow  rate.  The  galvanostatic  carbon  dioxide -time 
profile  is  presented  in  Fig.  37.  The  ordinate  is  the  volume  percent  of  COg  in  the  sample  injected 
with  the  pas  sampling  valve  and  is  proportional  to  the  rate  of  CO3  production,  since  total  flow  is 
constant.  The  shape  of  the  plot  in  Fig.  37  is  characteristic  of  propane  and  the  coincidence  at 
point  A  with  the  theoretical  rs  e  of  COa  production  by  a  4  electron  reaction  at  10  ma  was  repeated 
several  times  in  separate  experiments.  Nevertheless,  it  does  not  indicate  that  carbon  alone  is 
being  oxidized  because  it  can  be  shown  that  part  of  the  COg  is  formed  from  the  oxidation  of  ma- 
terial(s)  on  the  surface  that  contain  carbon-oxygen  bonds  already  formed  at  lower  potentials.  A 
different  way  of  presenting  the  resu.ts  is  to  plot  the  galvanostatic  COg-voltage  profile  taking  ir^^to 
account  the  time  lag  in  the  gas  analysis.  This  is  presented  in  Fig.  38.  An  interesting  feature  of 
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Fig.  36.  Galvanoatatic  Oxidation  of  Propane  At  A  Macro  Anode 
Anode /Reference  Voltage  ve.  Time 
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Fig.  37.  Galvanoetatic  Oxidation  of  Propane  At  A  Macro  Anodi 
CO3  Production  Rate  ve.  Time 
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Fig.  38.  Galvanostatic  Oxidation  Of  Propane  At  A  Macro  Anode 
COg  Production  Rate  vs.  Anode/Reference  Voltage 
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ig.  39.  Carbon  Dioxide  vs.  Time  Profile  For  10  ma  Galvanostatic  Oxidation 
of  "Propane"  Residue  After  Oxidation  to  0.4  Volts 
and  Exhaustive  Removal  of  Hydrocarbons  by  Cathodic  Hydrogenation 
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this  curve  is  the  essential  absence  of  COg  production  below  about  0.  32  v'olts,  followed  by  a 
sudden  rise  to  a  very  high  value. 

It  was  shown  that  the  coincidence  at  point  A  is  caused  by  a  combination  of  reactions 
and  not  by  the  single  reaction  C  +  2  HgO  =  COg  +  4e“  in  the  following  manner.  An  experiment 
was  interrupted  at  point  A  and  the  anode  was  hydrogenated  at  constant  current.  Monitoring  the 
gaseous  products  of  the  hydrogenation,  propane,  ethane,  and  methane  were  found  in  order  of 
decreasing  concentration.  Hydrogenation  was  continued  until  no  more  products  were  produced. 
Following  this  step,  the  galvanostatic  oxidation  was  started  again.  This  time  the  COg  profile 
rose  about  20%  above  the  line  for  10  ma  COg  production  by  a  4  electron  reaction,  indicating  the 
presence  of  oxidized  carbon  species  not  removed  by  the  hydrogenation.  This  is  shown  in  Fig.  39. 

The  same  hydrogenation  experiment  was  carried  out  after  the  0.2  volt  potentiostatic 
oxidation,  the  same  hydrogenation  products  were  observed,  and  subsequent  oxidation  again 
showed  the  C -O  bonds  were  present  on  the  surface.  The  results  of  the  subsequent  10  ma 
oxidation  for  this  case  are  presented  in  Figs.  40  and  41.  Fig.  40  shows  the  plateau  for  the 
oxidation  of  carbonaceo  is  species  beginning  at  about  0.4  volt.  Fig.  41  is  the  galvanostatic 
COg  -time  profile  which  shows  that  more  COg  is  produced  than  can  be  produced  by  10  ma  by  a 
4  electron  reaction,  and  this  again  proves  the  presence  of  surface  C-O  bonds.  This  C-O  con¬ 
taining  surface  species  (possibly  a  mixture  of  many  species)  may  be  identified  with  the  material 
responsible  for  the  "pre-wave"  found  in  voltage  sweep  experiments  with  propane  in  Section  4.  1.2 
and  with  etnane  in  Sections  4.  1.  1  and  4.  1. 2. 

Hydrocarbons  formed  during  the  hydrogenations  were  chr omatographically  determined 
for  the  two  cases  in  which  oxidation  was  carried  out  to  0.2  and  0.4  volt,  respectively.  See  Tables 
VIII  and  IX. 


TABLE  Vm 


Hydrocarbons 

Produced  By  Hydrogenation  After 

Oxidation  to  0.  2  Volt 

Hydrocarbon 

cc  at  S.  T.  P. 

Fraction  of  Total 

CgH, 

0.48 

0.  82 

CgHe 

0.  10 

0.  17 

CH* 

C.Ol 

0.01 

TABLE  IX 

Hydrocarbons 

Produced  By  Hydrogenation  After 

Oxidation  to  0.  4  Volt 

Hydrocarbon 

cc  at  S.  T.  P. 

Fraction  of  Total 

CaH^ 

0.35 

0.  80 

CgHe 

0.08 

0.  18 

CH4 

0.01 

0.  02 
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VOLUME  %  C02  AT  FLOW  RATE  2.75  cc/  min  (S.T  P. ) 
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Fig,  40.  Anode/ Reference  Voltage  vs.  Time  For  10  ma  Galvanostatic  Oxidation 
of  "Propane"  Residue  After  Potentiostatic  Oxidation  At  0.2  Volts  And 
Exhaustive  Removal  Of  Hydrocarbons  By  Cathodic  Hydrogenation 


TIME  (MINUTES) 


Fig.  4l.  Carbon  Dioxide  vs.  Time  Profile  For  10  ma  Galvanostatic  Oxidation 
of  "Propane"  Residue  After  Potentiostatic  Oxidation  at  0.2  Volts  And 
Exhaustive  Removal  of  Hydrocarbons  By  Cathodic  Hydrogenation 
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COs  Production  Rate  vs.  Time 


It  is  observed  that  the  ratio  of  propane  to  ethane  does  not  change  very  much,  that  propane  pre¬ 
dominates,  and  methane  is  very  small.  Even  after  oxidation  to  0.4  volt,  representing  about  65% 
of  complete  oxidation,  there  is  considerable  retention  of  the  Cs  structure  on  the  anode  surface. 


4.  1. 3. 4  Oxidation  of  Carbon  Monoxide 

When  CO  is  oxidized  at  constant  current,  the  galvanoat:  lie  COg -time  profile  as  shown 
in  Fig.  4Z,  approaches  the  expected  form  of  a  square  wave  with  the  edges  smeared  out  by  diffusion. 
The  sloping  top  is  caused  by  charging  of  the  double  layer  capacity  with  an  increasing  part  of 
galvanostatic  current.  At  the  maximum  CO2  rate,  however,  the  voltage  is  not  changing.  There¬ 
fore,  the  CO2  rate  falls  below  that  for  a  2  electron  CO2  producing  reaction  at  10  ma,  very 
probably  because  of  diffusion  into  the  electrolyte.  CO  oxidation  at  various  He  sweep  gas  flow 
rates  and  currents  may  offer  a  way  of  determining  a  correction  for  this  effect  which  may  be 
applied  to  the  hydrocarbon  oxidation  expel  iments. 


4.  1.3.5  Conclusions 

From  oxidation  of  propane  adsorbed  on  macro  electrodes  with  periodic  gas  chromato¬ 
graphic  analyses,  galvanostatic  COs -time  profiles  and  COa -voltage  profiles  have  been  determined 
for  propane  at  65°C.  No  COa  is  formed  below  0.3  volt  but  surface  C -O  bonds  are  formed  as  low 
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■ 
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as  0.^  volt.  The  latter  are  detected  by  exhaustive  cathodic  hydrogenation  of  the  partially  oxi¬ 
dized  surface  "propane",  followed  by  further  galvanostatic  oxidation  of  the  unhydrogenatable 
residue  with  accompanying  COa  analyses.  Since  open  circuit  for  propane  was  0.  17  volt  under 
the  conditions  of  the  experiment,  it  appears  that  there  is  no  potential  region  in  which  only 
hydrogen  is  oxidized.  There  is,  however,  a  definite  potential  region  in  which  surface  carbon 
oxidation  occurs  without  COa  evolution,  Galvanostatic  product-time  profiles  were  also  ob¬ 
tained  during  hydrogenation  of  the  partially  oxidized  surface  "propane".  After  both  25%  and 
65%  of  complete  oxidation  (oxidation  to  0.2  and  0.4  volt,  respectively),  the  hydrogenation 
product  was  80%  propane  within  the  errors  of  measurement.  This  indicates  considerable 
retention  of  C3  structure  on  the  surface.  Galvanostatic  (and  potentiostatic )  product-time 
profiles  can  be  a  very  useful  tool  toward  understanding  the  course  of  electrochemical  oxidation 
of  complex  molecules. 


I 
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4.  1.4 


Thin  Film  Mass  Transport  Processes  (R.  Roethlein/H.  Maget) 

The  understanding  of  basic  reaction  mechanisms  for  hydrocarbon  oxidation  is  of  pri¬ 
mary  importance  if  eventual  improvement  of  practical  electrode  structure  is  to  be  accomplished. 
Correct  interpretation  of  the  results  obtained  on  simple  electrode  systems  will,  therefore,  yield 
information  regarding  the  behavior  of  complex  practical  structures. 

The  objective  of  this  study  is  to  determine  if  the  reaction  rates  for  propane  oxidation 
are  controlled  by  mass  transport  of  the  reactant  species  through  thin  electrolyte  films;  as  com¬ 
pared  to  other  rate-controlling  processes,  for  a  simple  electrode  configuration. 

Previous  work  (1  and  2)  has  shown  that  for  simple  gases  such  as  hydrogen  and  oxygen, 
the  rate-linruting  step  for  mass  transport  is  controlled  by  the  diffusion  of  the  reacting  gas  through 
a  thin  film  of  el-ictrolyte  which  forms  on  a  partially  immersed  electrode  structure.  With  the  use 
of  a  simplified  model  of  a  large  cylindrical  pore,  studies  were  made  of  the  rates  of  propane  oxi¬ 
dation  at  elevated  temperatures  in  concentrated  H3PO4  solutions  on  noble  metal  black  surfaces. 
Rates  of  reaction  were  measured  with  and  without  the  presence  of  a  thin  electrolyte  film  on  the 
electrode  surface  to  determine  if  there  are  potential  regions  where  masj  transport  through  the 
thin  film  is  rate  determining.  A  brief  evamination  was  also  conducted  into  the  effects  produced 
on  hydrophobic  electrode  surfaces. 

4.  1.4.  1  Experimental  Technique 

A.  Experimental  Apparatus 

The  experiments  were  carried  out  in  a  Pyrex  glass  cell  consisting  of  a  large  cen¬ 
tral  compartment  and  two  smaller  sections  separated  from  the  main  section  by  fine  pore,  fritted 
glass  disks  (Fig.  43).  The  middle  compartment,  which  served  as  the  test  electrode  section,  also 
contained  a  thermometer  well  and  a  gas  bubbler  which  was  capable  of  keeping  a  steady  gaseous 
flow  over  the  electrolyte  solution.  One  of  the  side  compartments  contained  a  platinum-black  mesh 
electrode  which  served  as  the  counter  electrode.  The  other  section  served  as  a  reference  cell 
and  had  a  Luggin  capillary  extending  into  the  main  compartment.  The  reference  consisted  of  two 
platinum-black  electrodes  with  a  constant  current  of  1.0  ma  flowing  bttween  them.  The  electrode 
which  evolved  hydrogen  gas  came  to  a  steady  overpotential  value  within  a  few  minutes;  this  then 
served  as  the  reference  potential. 

The  test  electrode  consisted  of  a  piece  of  platinum  tubing,  99.  99%  pure,  1 . 0  cm  long,  1 . 5  cm 
in  diameter,  and  0.2  cm  in  wall  thickness.  Electrical  connection  was  made  by  spot  welding  Tef¬ 
lon-covered  platinum  wire  to  the  inner  wall  of  the  platinum  tubing.  The  cylindrical  electrode  was 


1.  F.  Will,  J.  Electrochem,  Soc.,  Vol.  110,  152,  1963. 

2.  H.  J.R.  Maget  and  R.J.  Roethlein,  Vol.  9,  Abst.  2,  Battery  Div.  Fall  Meeting  of  Electro¬ 
chem.  Soc.,  Oct.  11-15,  1964,  Wash.  D.C. 
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Fig.  43  Glass  Test  Cell 

! 

I  then  mounted  on  a  Teflon  assembly  and  held  rigid  by  a  Teflon-coated  tantalum  rod,  which  was 
tightly  threaded  into  a  Teflon  stopper.  A  modified  10/30  Teflon  gland  provided  a  closed  system 

I 

and  still  enabled  the  electrode  structure  to  be  raised  or  lowered  into  solution  without  allowing  the 
system  to  be  open  to  the  atmosphere.  Measurements  of  electrode  height  above  the  solution  were 
made  by  means  of  a  specially  modified  ij.S.  Starret  vernier  height  gauge  with  an  accuracy  of 
±  1 . 2  X  lO"®  cm. 

Electrical  resistance  measurements  were  obtained  by  means  of  a  semicircular 
platinum  foil  1.0  cm  in  diameter  and  1.27  X  10~^  cm  thick,  sealed  between  two  cylindrical  glass 
tubes  and  finely  polished  to  form  a  continuous  smooth  surface.  Electrical  contact  was  made  by 
spot-welding  a  platinum  wire  to  the  foil  inside  of  the  glass  cylinder.  This  apparatus  was  also 
varied  in  height  by  the  L. S.  Starret  vernier  height  gauge.  Resistance  measurements  were  ob¬ 
tained  by  means  of  an  a-c  resistance  bridge  operating  at  1000  cps. 


B.  Electrode  Preparation 


The  electrode  surface  was  pre-treated  by  electrodeposition  with  spongy  platin\»m 
from  a  3  wt  %  chloroplatinic  acid  solution  with  traces  of  lead  acetate  at  10  ma/cm^  for  60  sec- 
^  onds.  A  co-electro-deposit  of  platinum  and  ruthenium  was  also  prepared  in  a  similar  manr.-  r 

3 

I  from  a  5  wt  %  solution  of  their  chloride  salts;  the  ratio  of  platinum  to  ruthenium  being  95  to  5, 

f 

1 

based  on  the  metal  content  of  the  solution. 
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A  hydrophobic  surface  was  prepart  '  using  these  salts  and  procedure  with  the 
addition  of  1/2  wt  %  of  dispersed  (T-30)  Teflon  mixture  to  the  plating  solution.  The  deposit  was 
then  sintered  in  an  oven  at  660° F  for  2  minutes. 

C.  Experimental  Procedure 

Polarisation  measurements  wer«  made  with  a  "fast  rise"  Wenking  potentiostat 
(Model  61  TR)  which  has  an  operating  potential  source  of  ±  2  volts,  current  measurement  accuracy 
of  1.5%  full  scale,  and  a  zero  point  stability  of  5  mv/day.  All  gases  used  in  these  experiments 
were  of  a  high  grade  pre>purified  quality.  Since  the  temperature  range  of  investigation  was  mainly 
greater  than  lOO'^C,  a  silicone  oil  constant-temperature  bath  was  constructed  which  enabled  tem¬ 
peratures  to  be  held  constant  within  :^1.0”C  of  the  desired  study  temperature. 

All  reactant  gases  were  preheated  and  humidified  to  the  same  temperature  as  that  of 
the  test  electrolyte  by  passing  through  a  gas  bubbler  which  contained  electrolyte  of  the  same  tem¬ 
peratures  and  concentration  as  that  in  the  test  cell. 

The  various  phosphoric  acid  concentrations  used  in  these  experiments  were  pre¬ 
pared  from  C.P.  reagent  stock  solution  using  doubly  distilled  water  containing  less  than  0.4  ppm 
impurities . 

4.  1.4.2  Results  and  Discussion 

A.  Current-Potential  Behavior 

Current  voltage  curves  taken  on  platinum-black  electrodes  for  the  oxidation  of  pro¬ 
pane  in  HaP04  show  an  increase  in  current  when  the  electrode  is  raised  from  a  submerged  con¬ 
dition  to  one  in  which  a  full  meniscus  and  film  are  present  on  the  extended  electrode  surface. 

Fig.  44  shows  that  at  an  applied  potential  of  0.6  volt  vs.  hydrogen,  there  is  a  threefold  i.icrease 
in  current  when  a  thin  electrolyte  film  is  formed  on  the  electrode  surface.  Below  0.4  volt  vs. 
hydrogen,  no  increase  in  current  is  observed,  which  would  be  indicative  of  an  activation-con- 
trolled  process  for  this  potential  region. 

Fig.  45  shows  the  variation  of  current  with  electrode  position  above  the  electro¬ 
lyte  level,  at  a  constant  applied  potential  of  +0.55  volt  vs.  hydrogen.  The  initial  currents  below 
0.25  cm  are  due  to  a  bulk  diffusion-controlled  process  and  shown  no  variation  until  the  electrode 
enters  into  a  region  which  coincides  with  the  forn.ation  of  the  upper  meniscus  edge  and  thin  film 
above  the  intrinsic  meniscus.  Further  withdrawal  of  the  electrode  from  solution  causes  no  in¬ 
crease  in  current  once  the  full  meniscus  and  film  have  been  formed.  The  decrease  in  current 
near  the  end  of  the  electrode  is  due  to  the  loss  of  submerged  surface  area  currents  as  the  elec¬ 
trode  is  drawn  out  of  solution. 


0  25  0.50  0.75 

DISTANCE  ABOVE  LEVElOf  ELECTROLYTE.  CM 

Fig.  45  Current  vs.  Height  Behavior 
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Variation  of  propane  partial  pressure  on  a  partially  immersed  platinum-black  | 

electrode  exhibits  a  square  root  relationship  ‘vitn  limiting  current.  This  relationship  shown  in 
Table'  X  was  recorded  at  t'vo  temperatures  and  in  H3PO4  acid  concentrations  ranging  from  92 
to  96  wt  %. 

This  square  root  relationship  is  probabi/  due  to  the  applied  potential  drop  in¬ 
duced  by  the  longitudinal  ohmi^  resistance  in  the  thin  film,  as  has  already  been  shown  in  the 
case  of  the  electrochemical  red'uction  of  oxygen  (3). 

Measurements  of  the  resistance  changes  for  various  positions  in  the  miniscus  and 
thin  film  region  were  obtained  on  a  specially  constructed  electrode.  Fig.  46  shows  a  plot  of  ohmic 
resistance  divided  by  electrolyte  resistivity  to  account  for  variations  in  electrolyte  conductivity 
versus  x/h,  which  is  the  relative  position  in  the  meniscus.  From  the  shape  of  the  curve  it  is  evi¬ 
dent  that  there  is  only  a  gradual  increase  in  resistance  with  height  in  t.ie  meniscus  region.  How¬ 
ever,  upon  entering  into  the  thin  film  region  the  resistance  increases  rapidly  and  in  a  linear 
fashion.  The  slope  of  this  curve  can  be  used  to  calculate  the  electrolyte  film  thickness. 


Fig.  46 


T - 1 - r 


Resistance  Measurements  in  the  Meniscus  and  Thin  Film  Re  gions 


3.  H.  J.R.  Maget  ai.vl  R.  J.  Roethlein,  op.  cit. 


TABLE  X 

Influence  of  Propane  Partial  PresEurg  on  Electrode  Current 

*  Partial  Pressure 


Temp.  150°C 


Temp.  170°C 


Flectrolyie  Cone. 

Wt  %  H3P04 

of  Propane 

Total  Current 
ij^,  ma 

L/  C; 

95.4 

0.  044 

0.40 

1.91 

93.6 

0.076 

0.62 

2.24 

92.0 

0.640 

1.65 

2.  06 

93.3 

o 

d 

0.  88 

2.00 

93.6 

0.  710 

1.  75 

2.07 

92.5 

0.430 

1.25 

1.91 

96.4 

0.  718 

2.  50 

2.  94 

95.5 

0.319 

1. 75 

3.08 

95.  7 

0.  183 

1.30 

3.04 

96.0 

0.073 

0.  78 

2.89 

92.6 

0.020 

0.42 

2.94 

92.5 

0.004 

0.20 

3.  16 

'i'Corrected  for  vapor  pressure  of  HaO.  Total  Pressure:  1  atm. 

The  interfacial  liquid*gas  geometry  of  the  intrinsic  meniscus  and  film  can  be  approxi¬ 
mated  by  the  expression; 

fi  =  5.  +  A(l-X)®,  for  X  <  1  {491 

n  ”■ 

where:  6  =  meniscus  thickness,  cm;  -  film  thickness,  cm;  X  =  x/h  represents  the  relative 
position  in  the  meniscus;  and  A  can  be  theoretically  evaluated  from  properties  of  the  electrolyti 
as  presented  by  Landau  and  Lifshitz  (4).  However,  since  the  surface  tension  in  phosphoric  acid 
at  130^C  is  not  known,  it  is  better  to  evaluate  A  from  resistance  measurements. 

It  can  be  shown  that,  near  the  meniscus-film  interface,  the  io'.ic  resistance  is  ex¬ 
pressed  by:  . 

.  Pb  1  /  ff  .  -1  /  A  N,  a  „  \ 


(A  6h)2 


I  -  tan- 


/  ^  ' 


(l-X) 


where;  p-  electrolyte  resistivity,  ohm-cm;  b  «  electrode  radius,  cm;  h  =  height  of  the  intrinsi 
men  cus,  cm. 

4.  L.D.  Landau  and  E.  M.  Lifshitz,  "Fluid  Mechanics",  Pergamon  Press,  1959,  p.  235. 
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The  film  thicknest,  dhi  can  be  determined  from  the  linear  section  of  the  resistance  plot,  and  A 
can  be  evaluated  fx  xr.  the  total  meniscus  resistance,  for  which; 


'm 


4b(A«ij)8 


anc 


If 


(51) 


For  the  case  of  the  results  presented  m  Fig.  46,  the  film  thickness  is  calculated  to  be  0.5  micron, 
and  the  resistar.:e  can  be  represented  by: 


R 


253  <-j  -  Un~^ 


16(1 -X) 


(52) 


and  the  meniscus -film  geometry  by: 


6  =  [0.5+  130  (1-X)*]  X  10“*  (53) 

for  values  of  X  >  0.9,  at  a  level  in  the  meniscus  and  film  where  the  largest  contribution  to  the 
total  current  is  observed. 

A  current  temperature  r<.‘lationship  was  oMained  on  a  co-electro-deposited  Pt-Ru-black 
electrode  in  90  wt  %  H3PO4,  between  100  and  153°C.  Fig.  47  shows  that  an  exponential  relation¬ 
ship  exists  between  1/T  and  the  limiting  current  and  also  th'  limiting  current  divided  by  the 
square  root  of  propane  partial  pressure  and  electrolyte  conductivity.  Such  a  plot  is  based  on  the 
assumption  that  only  the  diffusion  coefficient  is  an  exponential  function  of  1/T,  the  solubility 

varying  only  slightly  for  this  temperature  range.  Thus,  from  the  slopes  of  iL/pff  1/T, 

CaHe 

a  tentative  value  can  be  obtained  for  the  activation  energy  for  diffusion.  The  energy  value  ob¬ 
tained,  9.  7  k  cal/mole,  would  be  at  the  upper  limit  for  processes  which  are  diffusion-controlled. 
Further  work  is  recommended  to  verify  the  above  results. 

I 

The  influence  of  electrolyte  concentration  on  electrode  limiting  currents  seems  neg-  I 

ligible  up  to  approximately  97  wt  %  H3PO4.  Beyond  this  point  there  seems  to  be  a  significant  > 

decrease  in  performance  as  the  electrolyte  concentration  increases.  At  two  temperatures,  150  I 
and  170°C,  in  a  101  wt  %  solution,  the  electrode  current  dropped  to  approximately  half  the  value  1 
obtained  between  90  and  97  wt  %  phosphoric  acid.  Appreciable  quantities  of  pyro-phosphates  also 
tend  to  build  up  in  solution  at  these  concentrations.  (5) 

For  one  of  these  highly  concentrated  solutions  at  an  applied  potential  of  1  volt  and  an 
electrolyte  temperature  of  I^IO^C,  a  periodic  current  oscillation  was  observed.  These  oscilla¬ 
tions  could  be  stopped  by  briefly  anodizing  the  electrode  at  a  higher  anodic  potential.  No  ex¬ 
planation  can  be  offered  at  this  time  concerning  this  phenomenon. 

An  initial  investigation  was  conducted  into  the  effect  of  hydrophobic  noble  metal  elec¬ 
trode  structures.  A  platinum- ruthenium  black  electrode  structure  was  prepared  with  the  addition 


5.  FMC  Corp. ,  Superphosphoric  Acid,  Technical  Bulletin. 
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Fig.  47  Dependence  of  Limiting  Current  and  Reduced  Limi  ig  Current  on 
Temperature  for  90-wt.  Percent  Phosphoric  Acid. 

of  dispersed  (T-30)  Teflon  in  the  electrodeposited  matrix.  The  resultant  structure  produced  a 
contact  angle  greater  than  90°  when  immerje<-  n  phosphoric  acid. 

Fig.  48  is  a  current-potential  plot  for  propane  oxidation  on  the  same  electrode  prev¬ 
iously  tested  without  the  addition  of  Teflon  (see  Fig.  44).  Fig.  48  shows  that  there  is  at  least  a 
threefold  increase  in  performance  at  limiting  currents.  Fig.  49  shows  variation  of  current  with 
electrode  height  above  the  solution  for  '.;wo  constant  applied  potentials.  At  0.600  volt,  the  current 
reaches  a  maximum  when  a  full  meniscus  and  film  are  present  on  the  electrode  surface.  At 
0.400  volt,  however,  current  increases  only  slightly  with  the  formation  of  meniscus  and  film, 
thereafter  decreasing  in  a  linear  fashion  as  the  electrode  is  drawn  out  of  the  solution.  The  cur¬ 
rent  behavior  at  0.400  volt  shows  that  for  this  potential  region,  mass  transport  of  propane  to  the 
electrode  plays  a  small  role  and  that  the  process  is  probably  activation-controlled. 

The  higher  currents  provided  by  wetproofing  the  catalyst  surface  is  probably  uue  to  a 
more  uniform  distribution  of  liquid  electrolyte  film  through  the  electrodeposited  catalysis  matrix, 
thus  providing  a  greater  surface  area  for  propane  oxidation. 

Carbon  dioxide  bubbles  were  observed  to  form  on  the  submerged  portion  of  a  partially 
immersed  wetproofed  electrode  when  the  applied  potential  was  raised  above  0.55  volt.  The  CO2 
bubbles  ceased  to  form,  however,  after  a  few  seconds,  indicating  that  the  gas  evolution  observed 
might  possibly  be  due  to  the  oxidation  of  excess  propane  adsorbed  on  the  electrode  surface  at 
higher  cathodic  potentials,  less  than  0.55  volt. 

The  effect  of  electrode  surface  activation  by  the  application  of  anodic  potentials  above 
1.0  volt,  produces  higher  currents  in  the  potential  region  where  mass  transport  processes  be- 
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Fig.  48  Current  ve.  Potential  Behavior  or  a  Partially  Immere*."’.  Wetproofed 
Pt-Ru  Electrode 
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Fig.  49  Current  v«.  Height  Behavior  of  a  Wetproofed  Pt-Ru  Electrode 


come  rate-controlling.  These  currents,  however,  are  not  stea  /  values  and  generally  decay  with 
lime  at  a  constant  applied  potential  to  some  lower  steady-state  value.  At  present  there  are  many 
theories  concerning  this  phenomenon,  none  being  conclusive.  It  is  the  general  opinion  of  many 
investigators,  however,  tliat  anodization  removes  partially  oxidized  species  on  the  electrode  sur¬ 
face  by  oxidizing  them  to  COg.  Thus,  on  lowering  the  potential,  a  greater  percentage  of  sites  on 
the  electrode  surface  would  be  free  for  hydrocarbon  oxidation.  Many  of  these  sites  with  time 
would  again  become  covered  with  partially  oxidized  products,  r.  using  a  gradual  reduction  of  cur¬ 
rent. 

4.  1,4,3  Conclusions 

The  oxidation  of  propane  at  potentials  greater  tha”  0.5  alt  on  pa  tially  immersed  plat¬ 
inum  black  electrodes,  in  concentrated  phosphoric  acid  solutions  and  at  e  ated  temperatures, 
occurs  mainly  in  the  upper  meniscus  and  thin  film  region  of  the  electrode  surface.  This  is 
clea’-ly  shown  by  the  current  increase  associated  with  the  gradual  withdrawal  of  a  potentiostati- 
ally  polarized  electrode  from  a  completely  submerged  condition  to  one  of  partial  immersion, 
'urther  indication  of  mass  transport  control  through  the  thin  film  is  shown  by  the  square  root  re¬ 
lationship  obtained  between  limiting  current  and  the  partial  pressure  of  propane.  Equations  de¬ 
veloped  by  Will  (6)  and  Wagner  have  shown  that  this  relationship  exists  when  a  process  is  mass 
ransfer  controlled  through  a  thin  electrolyte  film. 

The  exponential  relationship  obtained  between  limiting  current  and  temperature  for 
propane  oxidation  on  a  partially  im.i.  rsed  electrode  has  also  provided  a  tentative  value  for  the 
activation  energy  of  diffusion. 

Measurement  of  the  resistance  change  in  the  meniscus  and  film  region  of  a  concentrated 
H3PO4  solution  at  elevated  temperatures  has  provided  an  approximate  value,  0.5  micron,  for  the 
thickness  of  the  liquid  film  immediately  above  the  intrinsic  meniscus.  This  data  has  also  verified 
previously  derived  equations  describing  the  resistance  and  electrolyte  thickness  for  levels  in  the 
meniscus  and  film  where  the  largest  contribution  to  the  total  current  is  observed. 

For  concentrations  of  H3PO4  greater  than  97%  a  general  decrease  in  electrode  current 
is  observed  with  increasing  electrolyte  concentrations.  Below  this  concentration  no  significant 
variation  in  electrode  current  was  observed. 

The  simulated  "wetproof"  Teflon  Pt-Ru-black  structure  exhibits  much  higher  current 
than  electrodes  prepared  in  a  similar  manner  without  the  addition  of  a  wetp/oofing  agent.  This 
substantial  increase  in  current  is  attributed  to  interstitial  wetting  of  the  electrodeposited  cata¬ 
lysis  matrix  by  a  thin  film  of  electrolyte.  This  wetted  layer  provides  greater  area  for  CaHe  oxi¬ 
dation  and  a  larger  path  for  electron  flow  without  causing  an  increased  resistance  to  gas  diffusion 
across  the  electrode  interface. 

6.  F.  W’l!,  loc.  cit. 
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4.  1. 5 
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4.1.5  Fluoride  Electrolytes  (E.  J.  Cairns) 

Investigations  of  the  electrochemical  oxidation  of  saturated  hydrocarbons  in  fluoride 
electrolytes  have  continued,  with  emphasis  on  the  effect  of  electrolyte  composition  on  perform¬ 
ance.  In  the  ternary  system  CsF-HF-HjO,  there  are  two  independent  composition  variables. 

/  HF  \ 

The  effects  of  the  ratio ^  and  the  water  content  on  performance  have  been  separated 


and  studied.  The  effects  of  temperature  on  cell  performance  have  also  been  studied,  and  the 
interrelationships  among  several  of  the  important  variables  have  been  established. 

Fundamental  work  on  the  rate  and  extent  of  propane  adsorption  on  platinum  in  the 
HF-HjO  azeotrope  (37  mole%  HF)  has  begun. 


4.  1.5.  1  Fuel  Cell  Studies  with  Fluoride  Electrolytes 


A.  Experimental 

The  shift  in  emphasis  from  Cga-COa-HaO  electrolytes  to  CsF-HF-HaO  and  HF-HjO 
electrolytes  made  it  desirable  to  modify  some  of  the  fuel  cell  apparatus.  The  continuing  need  for 
additional  space  in  the  air  thermostat  has  been  satisfied  by  the  installation  of  a  new,  large  vol¬ 
ume,  horizontal  flow  air  thermostat  with  appropriate  porting  and  sufficient  power  (4kva)  for  rapid 
startup.  The  electrolyte  pump  and  all  reservoirs  are  now  located  inside  the  thermostat,  provid¬ 
ing  improved  temperature  control  and  uniformity.  The  electrolyte  circulation  system  has  been 
improved  from  the  standpoint  of  water  loss  by  more  completely  closing  the  system  and  by  the 
addition  of  a  more  efficient  reflux  condenser.  This  improvement  allows  better  control  of  the 
composition  of  electrolytes  under  high  vapor  pressure  conditions. 

Several  modifications  have  been  made  in  the  apparatus  which  allow  more  rapid 
data  collection.  A  number  of  thermocouples  have  been  installed  and  connected  to  direct-reading 
temperature  meters.  An  electrometer  has  been  installed  for  use  with  the  second  bridge  circuit 
on  the  Kordesch-Marko  interrupter,  giving  a  continuous  indication  of  the  anode  vs.  reference 
potential.  A  central  control  panel  has  been  added,  collecting  all  electrical  controls,  providing 
for  more  convenient  operation. 

Data  collection  procedures  are  generally  the  same  as  those  reported  earlier  ( 1 -4). 
The  electrode  performance  results  are  reported  on  an  IR-free  basis  unless  otherwise  noted. 

(1)  E.  J.  Cairns,  Technical  Summary  Report  No.  5,  Jan,  1  -  June  30,  1964,  AR PA  Order  No. 
247,  Contract  Nos.  DA44-009-ENG-4909  and  DA44-009- AMC.479(T) . 

(2)  E.  J.  Cairns,  Technical  Summary  Report  No.  4,  Parti,  TaskIV,  July  1-Dec.  31,  1963, 

ARPA  Order  No.  247,  Contract  No.  D.M4-009-ENG-4909,  ProjectNo.  8  A72- 1 3-001 -506. 

(3)  E.  J.  Cairns  and  A.  D.  Tevebaugh,  Technical  Summary  Report  No.  3,  Parti,  Task  IV,  Jan.l  - 
June  30,  1963,  ARPA  Ord<  ”  No.  247,  Contract  No.  DA44-009-ENG-4909,  Project  No. 

8  A7  2-13- 00 1-50  6.  See  also  E.  J.  Cairns  and  D.  C .  Bartosik,  J.  Elect  roc  hem.  Soc .  Ill,  1205 
(1964). 

(4)  E.  J.  Cairns,  Interrupter  Techniques  for  Fuel  Cell  Investigation,  Paper  presented  at  the 
Interagency  Power  Group  Meeting,  Ft,  Belvoir,  Va.  ,  October  16,  1964. 
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Cell  resistances  are  reported  where  measured,  and  resistance-included  perlormance  curves 
can  be  calculated  using  the  relation 


E  =  E  -  iAR 
a-c 

where 

E  -  potential  between  anode  and  cathode  on  an  IR  free  basis 

a-c 

i  =  the  current  density  (amp/cm*), 

A  =  the  geometric  area  of  the  electrode,  11.38  cm‘‘  in  all  cases, 

R  =  the  cell  resistance  (ohms). 

Several  variables  have  been  studied  in  connection  with  their  effect  on  cell 
performance  with  emphasis  on  propane  as  the  fuel: 

1)  Electrolyte  composition. 

Z)  Operating  temperature. 

3)  Electrode  structure  (incidental  to  other  studies). 

The  results  to  be-  reported  were  gathered  from  a  total  of  over  50  runs 
on  more  than  20  cells,  primarily  using  as  the  fuel. 


B.  Results  and  Discussion 

1.  Effect  of  Electrolyte  Composition  on  Cell  Performance  for  the  CsF-HF-HjO 

System 

During  the  previous  reporting  interval,  the  discovery  was  made  that 

the  ratio  of  fluoride  to  cesium  content  in  the  electrolyte  was  an  important  variable  in 

determining  the  performance  of  saturated  hydrocarbons  in  fluoride  electrolyte  fuel  cells. 

(See  Fig.  34  of  Reference  3).  The  cell  performance  was  such  a  strong  function  of  electrolyte 

composition  ratiej  that  it  seemed  important  to  verify  and  extend  the  performance- 

composition  relationship.  Experiments  with  this  objective  were  performed  by  preparing 

electrolytes  of  specified  compositions  and  checking  the  propane  performance  at  150°C  against 

that  expected  on  the  basis  of  Fig.  34,  Reference  3.  The  reported  relationship  was  closely 

checked,  and  it  can  be  stated  with  confidence  that  the  performance  on  propane  at  i50°C  is 

HP'fC8F\ 

primarily  determined  by  the  ratio  (  — — j  which  is  equivalent  to  the  (fluoride /cesium)  ratio. 

The  maximum  observed  cell  performance  was  obtained  using  an  electrolyte  of 
10  mole  %  HsO,  61  mole  %  HF  and  29  mole  %  A  Tafel  plots  for  this  cell 

are  shown  in  Fig.  50,  where  E  ,  E  and  E  are  the  potential  between  cathode  and 

reference, anode  and  cathode,  and  anode  and  reference.  The  verified  relationship  between  the 
current  density  at  an  anode  vs  It  reference  potential  of  0.  5  volts  (in  the  absence  c!  mass 
transport  overvoltage)  and  the  (fluoride/cesium)  ratio  is  shown  in  Fig.  51.  The  data  points 
have  been  obtained  from  several  cells.  Each  datum  point  represents  an  average  value  obtained 


4-91 


(IK  FRCCI 


CjH,(P»)/C»F-HF/(Pl)0 
T*  I50*C 
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Tafel  Plot!  for  Propane  Cell  with  CiF-HF  Electrolyte 
(HF/CiF  =  2. 1.  H9O  =  29  Mole  %)  at  150®C. 


C,M,(PI|/C«f-HF/(PI)0| 


Current  Denaity  for  Propane  at  an  Anode  va  Hg  Reference  Potential  of  0.5  V, 
as  a  Function  of  Fluoride:  Ceaium  Ratio  (by  Equivalents). 


from  all  cells  operated  at  that  particular  F/Cs  ratio.  The  steep  portion  of  the  curve  was  the  most 
closely  checked,  and  here  up  to  five  cells  were  used  to  determine  the  value  for  a  single  datum 
point. 

The  water  content  of  the  electrolyte  also  influences  cell  performance,  but  to  a 

lesser  extent.  The  task  of  separating  the  effects  of  fluoride:cesium  ratio,  and  water  content  is 

a  difficult  iterative  procedure.  It  is  necessary  to  hold  the  hydrogen  fluoride: cesium  fluoride 

ratio  constant  while  investigating  the  effect  of  water  content.  The  value  of  2.  0  was  chosen  for  the 

hydrogen  fluorideicesium  fluoride  ratio,  and  the  data  for  i.—  .  at  150*^0  in  the  range 

lh.a-r=  0*  3/ 

1.8  <  HF/CsF  <  2.  Iwere  normalized  to  the  current  density  expected  for  HF/CsF  =  2.0  using 

Fig.  5  1  to  establish  the  normalization  factors.  Once  the  data  were  normalized,  a  plot  of 

i,_  -  vs.  HsO  content  for  HF/CsF  =  2.0  was  prepared.  This  plot  then  permitted 

V^a-r  " 

normalization  of  the  data  with  respect  to  water  content  (12.5  mole  %  HgO)  for  use  in  the  prep* 
aration  of  a  new  plot  of  current  density  vs.  (HF/CsF  f  HF).  This  iterative  procedure  was 
continued  until  the  scatter  of  the  data  on  each  of  the  two  plots  was  minimized.  The  results  of 
this  double  correlation  procedure  are  shown  in  Figs.  52  and  53.  The  optimum  water  content 
was  found  to  be  in  the  range  of  12-13  mole  %  HaO  for  an  HF:CsF  ratio  of  2.0.  There  is 
insufficient  data  to  establish  a  correlation  involving  water  content  at  significantly  lower 
fluoride  contents.  Significantly  higher  F/Cs  ratios  were  not  accei^sible  at  150°C  because  of 
boiling-point  limitations. 

2.  Effect  of  Temperature  on  Propane  Performance 

Using  an  activation  energy  of  15  kcal/mole  (as  determined  from  log  i  vs  I/T 
plots)  for  the  range  150-130°C,  and  1.8  <  HF/CsF  <  2.2,  the  150°C  data  were  translated  to 
the  corresponding  values  of  current  density  for  130^C.  These  data,  plus  the  data  taken  at 
130° C,  were  used  to  establish  the  relationship  of  performance  to  electrolyte  composition  at 
130°C  shown  in  Figs.  54  and  55.  The  closed  points  are  data  gathered  at  the  temperature 
shown;  the  open  points  are  those  translated  from  150°C.  Similar  procedures  were  followed 
in  correlating  the  data  for  110  and  90° C.  A  F/Ca  ratio  of  3.0  was  chosen  for  these  latter  two 
correlations,  since  this  composition  is  accessible  at  these  lower  temperatures. 

Figs.  54  and  53  completely  summarize  the  effects  of  electrolyte  composition 
on  the  current  density  at  an  anode  vs  Hs  reference  potentic.1  of  0.5  volt.  The  solid  lines  in 
Fig.  54  represent  the  portion  of  the  line  normalized  to  a  certain  HF/CsF  ratio  and  water 
content.  The  dotted  portions  of  the  lines  are  less  we)!  established  and  are  based  on  data  for 
various  water  concentrations.  The  intercepts  on  the  right-hand  ordinate  ^HF/(CsFfHF)=  i ,  (y 
are  determined  by  the  results  in  the  HF-HgO  system,  and  are  normalised  to  an  optimum  water 
content.  It  is  clear  that  the  F/Cs  ratio  should  be  maximised  for  a  given  temperature  sf  opera¬ 
tion,  while  the  water  content  should  be  optimised  In  the  range  10-15  mole  percent  for  H  '/CsF 
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Fig.  52  Current  Density  for  Propane  at  an  Anode  vs  Hg  Reference  Potential  of  C.S  V 
j  as  a  Function  of  HF;(C8F  +  HF)  Ratio.  Solid  Line  Is  for  Resultr.  Near  HF:CbF  =  2, 

I  N’orrr.alized  12.5  Mole  %  HgO,  Dashed  Line  Is  Not  Normalized  with  Fiespect  to  Water  Content. 
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Fig.  53  Current  Density  for  Propane  at  Constant  Anode  Potentials,  as  a  Function  of 
Electrolyte  Water  Content,  Normalized  to  HF:CsF  =  Z. 


Fiu  54  Summary  Plot  Showing  Current  Density  for  Propane  at  an  Anode  vs  Hg  Reference 
Potential  of  0.5  V  as  a  Function  oi  HF:(CsF  +  HF)  Ratio.  Solid  Lines  Are  Normalized  to 
Water  Contents  Indicated.  Dashed  Lines  Are  Not  Normalized,  and  Show  Approximate 
Behavior  for  Optimum  Water  Content  Electrolytes. 
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Fig.  55  Summary  Plot  Showing  Current  Density  for  Propane  at  =  0.5  V  as  a  Function 

of  Water  Content,  Normalized  to  Indicated  HF;CsF  Ratios  for  Several  Temperatures. 


ratios  in  the  range  2-3,  The  maximiun  HF/CjF  ratio  for  a  given  operating  temperature  will 
be  set  by  the  boiling  point  -  compositior  relationship  discussed  in  Section  4.  3.2. 

Concomitant  with  the  data  correlation  for  the  effect  of  composition  on  perform¬ 
ance,  the  activation  energy,  AH*,  for  the  current  density  (measured  at  an  anode  vs  Hs  refer¬ 
ence  voltage  of  0.  5  volt)  was  correlated  with  the  HF/CsF  ratio.  It  was  found  that  AH*  varied 
with  the  F/Cs  ratio,  but  not  with  temperature,  and  was  quite  insensitive  to  water  content. 

The  relationship  between  ^H*  and  composition  is  shown  in  Fig,  56.  Caution  should  be  exer¬ 
cised  in  applying  Fig.  56  to  results  from  any  given  cell  for  purposes  of  extrapolation  to  other 
temperatures,  since  it  is  necessary  to  establish  that  the  cxn  value  (or  Tafel  slope)  does  not 
change  over  the  temperature  interval  of  interest.  This  point  will  probably  be  investigated 
further  during  the  next  reporting  period. 

The  lower  activation  energies  shown  in  Fig.  56  are  values  characteristic  of 
physical  processes  (e.g.  diffusion  has  a  AH*  =  3.6  kcal/mole).  Th*  higher  values,  nearly 
20  kcal/mole,  are  definitely  characteristic  of  chsmical  or  electrochemical  processes.  The 
transition  region  occurs  near  HF/CsF  +  HF  =  0.67,  which  corresponds  to  CsF  •  2HF,  a  stable 
compound,  and  therefore  represents  a  reduction  of  the  HF activity.  The  HF  in  excess  of 
CsF*  2HF  has  a  relatively  high  activity  and  may  be  impor!  in  causing  h.  _hange  ..  iH* 

(cf,  the  phase  diagrams  in  Section  4,  3.  2). 

3.  Effect  of  Composition  and  Temperature  on 

Propane  Performance  for  the  HF-HaO  System 

In  the  binary  system  HF-HaO,  there  is  only  one  composition  variable,  allowing 
rather  straightforward  data  reduction  procedures  to  be  applied.  The  best  performance  with 
propane  at  105°  in  the  HF-HaO  azeotrope  is  shown  in  Fig.  57.  These  results  compare  quite 
favorably  with  those  in  Fig.  50,  when  it  is  recognized  that  Fig,  57  corresponds  to  an  opera¬ 
ting  temperature  45°C  lower  than  that  of  Fig.  50.  Note  that  it  is  possible  to  obtain  70  ma/cni* 
at  an  anode  vs  cathode  voltage  (IR-free)  of  0.4  volt.  Since  there  was  a  gas-phase  mass  trans¬ 
port  limitation  in  Fig.  57,  it  is  likely  that  even  higher  performance  could  be  obtained  by  using 
a  thinner  film  on  the  gas  sides  of  the  electrodes,  particularly  the  anode. 

Fig.  58  shows  the  effect  of  composition  and  temperature  on  propane  pei'form- 
ance  for  the  HF-H^O  system.  The  temperature  coefficient  of  current  density  at  a  constant 
anode  vs  Hi  reference  voltage  corresponds  to  an  activation  energy  of  18  kcal/mole.  The 
solid  lines  in  Fig.  58  show  those  composition  regions  accessible  at  the  indicated  tempera¬ 
ture.  The  dotted  portions  of  the  lines  correspond  to  compositions  which  have  boiling  points 
below  the  indicated  operating  temperature  and  are  therefore  not  accessibls  at  atmosph^.ric 
pressure.  The  data  points  on  the  dotted  lines  were  obtained  by  extrapolation  on  log  i  vs  I/T 
plots  and  are  used  for  the  purpose  of  establishirg  the  shape  of  the  curves.  It  is  interesting  to 
note  that  the  optimum  water  content  in  this  binary  system  is  about  70  mole  percent,  in 
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Fig.  56  Enthalpy  of  Activation  for  Overall  Anodic  Oxidation  of  Propane  as  a  Function  of 
HF:{CsF  +  HF)  Ratio,  in  the  Temperature  Range  80-170®C.  AH*  la  Insensitive  to 

Water  Content  and  Temperature. 
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conlrast  to  the  12  to  15  mole  percent  found  in  the  ternary  CsF-HF-HgO  system  at  CsF'ZHK  and 
CsF-3HF. 

1.  Performance  Comparisons  for  Two  Electrolytes 

The  best  pe  rformances  for  propane  in  each  of  the  two  fluoride  aystems  are  compared  in  Fig. 
59.  The  tiolid  curves  show  the  power  densities  as  a  function  of  the  cell  voltage,  on  an  IR-free 
b  is.  The  peak  power  in  the  HF-HjO  system  is  abou.  30  mw/c  n®  at  105°C,  while  80  mw/cm^  is 
obtained  in  the  CsF-HF-HjO  system  at  150®C.  For  a  more  practical  comparison,  the  dashed 
curves  were  prepared  using  the  actual  electrolyte  resistivity  data  reported  in  section  4.3.2.  and  a 
I /It'  in.  electrode  specing.  The  comparison  with  IK  losses  included  shows  less  of  an  advantage 
for  the  i50°C  cell  because  IK  losses  are  higher  at  the  increased  current  densities. 

5.  Effect  of  TFE  Film  Thickress  on  Propane  Limiting  Currents 

The  effect  of  the  TFE  Film  weight  per  unit  area  on  the  limiting  current  densities  at  propane 
anodes  was  investigated  for  a  se.  ies  of  electrodes  prepared  under  the  same  conditions  e.xcept  for 
film  w’eight.  These  electrodes  contained  5?  mg  of  Pt/cm^and  about  0.2  gm  TFE  binder/gm  Pt. 

They  were  pressed  at  350'^C  for  two  minutes  at  ..i  total  force  of  8500-9000  lb.  The  propane  limit¬ 
ing  currents  were  relatively  insensitive  to  tempeiature.  except  at  temperatures  below  about 
li0°C,  where  mass  transport  was  not  responsible  for  the  observed  limiting  currents. 

Two  limiting  cases  are  important  in  determining  the  limiting  current  density  of  a 
porous  gas  diffusion  electrode  with  a  film  ol  non-electro  ‘rve  material  on  the  gas  side: 

1)  Diffusion  through  the  porous  film  is  limiting  at  large  film  thicknesres. 

2)  D  ffusion  into  and  within  the  porous  structure  of  the  anode  is  limiting  for  very 
thin  (or  zero)  film  thicknesses. 

In  case  1)  the  limiting  current  density  should  be  proportional  to  the  reciprocal  of 
the  film  weight  (or  thickness).  This  would  yield  a  straight  line  through  the  origin  on  a  plot  of 
ij^  vs  (1/film  weight),  the  slope  -^f  which  is  determined  by  the  gas  partial  pressures, their  trans¬ 
port  properties,  and  the  propeities  of  the  fiJ  ..  In  case  2)  the  limiting  current  density  should  be 
independent  of  the  tiim  weignt. 

Fig.  60  shows  the  two  limiting  cases.  The  positions  of  the  lines  are  determined 
b/  the  experimental  results.  In  the  "no  film"  case,  an  electrode  with  no  film  was  made  and 
tested,  giving  the  ij_,  shown.  For  the  conditions  of  electrode  preparation  indicated  above,  it  is 
desirable  to  have  a.  film  of  0.  4  mg/cm^  or  less  in  order  to  prevent  a  decrease  in  iT__  due  to  diffu¬ 
sion  through  the  film.  The  "no  film"  value  of  can  be  increased  by  using  less  iorce  whe  i 
pressing  the  electrode  and  by  optimizing  the  catalystibinder  ratio.  These  values  will  change  with 
the  catalyst  materia’  being  used. 
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Fig.  59  Compariion  cf  Power  Densities  for  Propane  Cells  Using  CsF^HF-H^O  Electrolyte 

at  150°C  and  '’F-H9O  Electrolyte  at  105®C. 


Fig,  60  Effect  of  Teflon  Fihr.  Thickness  on  Propane  Limiting  Current  Densities. 


C,  Conclusions 


1)  Relationships  describing  the  eff*^ct  of  electrolyte  composition  and  temperature 
iover  the  range  90-150°C)  on  propane  performance  have  been  established. 

2)  Maximum  propane  performance  at  a  given  temperature  is  obtained  with  the 
maximum  HF/(C8F  +  HF)  ratio,  and  at  an  optimum  water  content  of  12-15  mole  percent  for  the 
range  HF/CsF  =  24 0  to  3.0. 

3)  Good  propane  performance  can  be  retained  in  the  HF-HgO  system  at  operating 
temperatures  down  to  90*C. 

4)  Power  densities  (IR-free)  of  80  milliwatts /cm’  at  150®C  and  30  milliwatts /cm® 
at  105®C  are  possible  for  propane  in  optimum  composition  fluoride  electrolytes. 

4. 1.5. 2  Electrochemistry  in  Fluoride  Electrc.ytes 

Techniques  for  preparation  of  reproducible  electrode  surfaces  (1)  have  been  worked 
out  for  platinum  electrodes  in  HF  electrolytes  and  investigations  of  the  adsorption  and  electro¬ 
chemical  oxidation  of  hydrocarbons  on  platinum  in  37  mole  %  HF  have  begun. 

A.  Experimental 

Multipulse  potentiostatic  and  multipulse  potentiodynan  c  experiments  have  been 
performed  using  the  apparatus  described  on  pages  4-60  and  4-61  of  Reference  1.  The  electrode 
cleanup  procedure  has  been  the  application  of  alternate  anodic  and  cathodic  potentiostatic  pu'ses 
(Fig.  61)  of  15  seconds  duratio..,  and  of  equal  anodic  and  cathodic  current  densities  (see  A  in 
Fig,  61),  followed  by  a  rapid  ox’d  ition  of  the  platinum  surface  at  1. 6  volts  (B)  to  form  an  oxide 
Ipyer  which  prevents  the  adsorption  of  hydrocarbon  species.  After  formation  of  the  oxide  layer 
is  complete,  the  potential  is  then  reduced  to  1.2  volts  (C)  while  the  desired  mass  transport  con¬ 
ditions  are  set  up  in  the  electrolyte.  During  period  C,  propane  was  bubbled  and  the  electrolyte 
was  stirred  to  obtain  uniform  saturat.on  with  CgHg.  This  was  followed  by  a  period  of  no  stirring 
and  no  bubbling  (also  at  1.2  volts)  to  set  up  a  quiescent  mass  transfer  condition.  After  the  ap¬ 
propriate  waiting  time  (usually  1  to  3  minutes),  the  potential  was  reduced  to  the  value  (D)  for 
time  ,  during  which  adsorption  of  the  propane  took  place.  The  potential  was  then  increased  at 
a  linear  rate  of  oE/dt  =  0.2  to  10  volts  per  second  during  which  the  adsorbed  material  was  oxi¬ 
dized  while  a  current-voltage  and/or  current-time  trace  was  photographed  on  the  oscilloscope. 

The  oxidation  current  measured  is  that  due  only  ic  the  adsorbed  species,  and  not 
species  in  the  bulk  electrolyte  because  the  sweep  speed  is  chosen  to  be  rapid  enough  that  no  ap¬ 
preciable  adsorption  can  take  place  from  the  bulk  liquid  phase  during  the  sweep  (5).  After  a  given 


(5)  S.  Gilman,  J.  Electroanalyt.  Cheni.  ,  1_,  382  (1964). 
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voltage  sequence  was  completed,  the  cleanup  procedure  was  repeated  and  the  electrode  was 
ready  for  another  sequence. 

Electrolyte  solutions  were  prepared  from  quartz  redistilled  water  and  Mallin- 
ckrodt  analytical  reagent  grade  48%  hydrofluoric  acid  and  stored  under  nitrogen  in  polypropylene 
or  polyethylene  bottles.  The  composition  used  was  the  maximum-boiling  azeotrope  of  37  mole 
percent  HF.  All  gas  streams  were  passed  through  Teflon  and  platinum  satu-'ators  filled  with  the 
same  electrolyte  at  the  same  temperature  as  the  cell  in  order  to  prevent  evaporation  ♦'rom  the 
electrochemical  cell. 

Some  of  the  pertinent  data  relating  to  the  apparatus  and  chemicals  are  shown  in 


Table  XI. 


TABLE  XI 


Properties  of  the  Electrochemical  System 

Electrolyte;  39.  1  wt  %  HF,  Mallinckrodt,  A.  R. 
Electrode:  Smooth  Platinum  Wire,  0.060  in.  dia.  . 
Electrode  Geometric  Area:  0.515  cm^ 

Saturation  Hydrogen  Coverage:  277.  Z  mcoul/cm® 
Surface  Roughness:  1.3 

Propane:  Matheson  Instrument  Grade,  99.5%  min. 
Argon:  Matheson,  99. 998%  min.  ,  oxygen  removed. 


B,  Results  and  Discussion 

The  number  of  coulombs  of  hydrogen  corresponding  to  a  monolayer  on  the  smooth 
Pt  electrode  was  estimated  by  using  cathodic  sweep  dE/dt  of  1,  10,  20,  50,  and  100  volts /second  at 
the  end  of  the  voltage  sequence  shown  in  Fig.  61.  Step  D  of  the  voltage  sequence  was  0.4  volt,  and 
was  10  seconds.  The  atmosphere  was  argon.  The  area  under  the  cathodic  current-time  trace 
was  integrated  and  corrected  for  double  layer  capacity.  The  results  are  shown  in  Fig.  62.  The 
value  used  for  a  monolayer  of  hydrogen  is  277.2  ficoul/cm*'.  This  yields  a  roughness  factor  of 
about  1.26  assuming  1.37  x  10^*”  platinum  atoms /ciu®,  which  approximates  a  statistical  mixture  of 
the  100,  110,  and  Hi  planes  of  platinum  at  the  surface. 

The  experiments  with  propane  at  30°C  were  carried  out  using  the  voltage  sequence 
of  Fig.  61  with  Ua  =  0.  1  volt  vs.  reversible  Hg,  vali'es  of  1,5,  and  15  minutes,  and  dE/dt 
values  of  1.0  and  10.0  volts  per  second.  The  anodic  sweep  for  1.0  volts  per  second  and  an  ad¬ 
sorption  time  of  15  minutes  in  quiescent,  propane -saturated  (0.97  atm)  electrolyte  is  shown  in 
Fig.  63.  The  blank  trace  for  an  argon  atmosphere  is  shown  for  comparison.  The  following  three 
features  are  important: 

1)  The  area  under  the  hydrogen  oxidation  peaks  is  reduced  by  the  presence  of  ad¬ 
sorbed  propane. 
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Z)  The  propane  adsorbed  on  the  electrode  is  being  oxidized  in  the  range  above  0.8 


volts , 


3)  The  evolution  of  molecular  oxygen  in  the  vicinity  of  2.0  volts  is  hindered  by  the 
presence  of  unoxidized  propane  residue. 

The  above  three  features  of  the  curve  in  Fig.  63  form  the  basis  for  the  calculation 
of  surface  coverages  of  hydrogen,  propane  oxidized  below  1.76  volts  (see  cross-over  point  in  Fig, 
63),  and  propane  remaining  on  (Sc  surface  above  1.76  volts. 

The  total  surface  covered  by  the  propane  is  considered  to  be  proportional  to  the 
reduction  in  the  number  of  coulombs  of  hydrogen  on  the  surface  upon  substitution  of  propane  for 
argon; 

n  A  p  n 

Tqh 

(54) 


0.1  6hC  =  1  -  -Or, 
L' 


-‘hC 


0.  1 


■qhI 


At 


0.  6 


is  the 


0.  1  ®HC  fraction  of  the  surface  covered  by  propane  at  0.  1  volts,  q  j  *-  *'HC 

number  of  coulombs  obtained  by  integrating  the  area  under  curve  B  of  Fig.  61  between  0.  1  and 
0.6  volts,  corrected  for  the  charging  of  the  double  layer.  It  represents  the  number  of  coulombs 
of  hydrogen  on  the  surface  at  0.1  volt,  in  the  presence  of  dissolved  propane  at  about  0,97  atmos- 

phere  partial  pressure.  ^  ^  number  of  coulombs  of  hydrogen  on  the  surface  at 

0.  1  volt  under  an  argon  atmosphere,  and  is  obtained  by  integration  of  curve  A,  Fig.  63  over  the 
range  0.  1  to  0.6  volt  and  correcting  for  the  double-layer  capacity. 

O'^Tq  1 

The  values  of  „  ,L  ^  J  various  adsorption  times  at  30  C,  and  for  sweep  speeds 

0 «  1  HC 

of  1.0  and  10.0  volts/second  are  given  in  Table  XII.  The  computed  values  of  q  j8hC>  using 
equation  54  are  summarized  in  Table  XUl. 

The  number  of  coulombs  of  propane  oxidized  between  0,6  volts  and  1.76  volts 
(the  cross-over  point  in  Fig.  63)  is  estimated  by  integrating  the  area  under  Curve  B,  Fig.  65 
and  subtracting  the  area  under  Curve  A,  Fig.  63,  both  in  the  range  0.6  to  1.76  volts.  This  sub¬ 
traction  gives  an  approximate  correction  for  the  coulombs  required  for  surface  oxidation  of  the 

Fq  1  o 

platinum  electrode.  The  values  of  ^  L  J  for  are  given  in  Table  XII.  Comparison  of 

these  values  with  277.2  ficoul/cm**  for  saturation  coverage  with  hydrogen  gives  a  qualitative  in¬ 
dication  of  the  amount  of  propane  oxidized  in  this  voltage  range. 

The  propane  residue  on  the  platinum  surface  which  is  not  oxidized  at  1.7  6  volts 
hinders  the  evolution  of  oxygen.  This  hindrance  gives  a  measure  of  the  fraction  of  the  surface 
that  is  blocked  by  the  presence  of  propane  residue,  since  the  oxygen  evolution  current  af  a 
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TABLE  XII 


Primary  Data 

CgHe  (Pt)/39.  1  wt  %  HF 

Temperature  =  30*^0 
Adsorption  potential  =  0.  1  V  vs  rev  Hj. 


a.  Sweep  speed  =  1.0  volt/sec 


Adsorption  time  (min.) 

0 

1 

5 

15 

0.1  "^HC 

\  cm*^  J 

189. 54* 

149.03 

109.01 

76.60 

‘•’"[ohc; 
0.  6 

. ucouK 

V  cm"  J 

0 

(67.93) 

228.2 

346.  2 

2.  37 

2,  03 

1.815 

1.755 

b.  Sweep  speed 

=  10.0  volts / 

sec 

Adsorption  time  (min.) 

0 

1 

5 

15 

0.1^  ■'hc 

1  u  coul  \ 

'g  "  j 

'  cm  / 

203. 36* 

150.63 

11.?.  82 

72.60 

‘•’‘[Qhc] 

0.6 

/  u  coul  \ 

0 

60.44 

193.55 

237.20 

1.86^ 

(ma) 

10.  30 

8.70 

7,60 

7.  12 

^Measurement  carried  out  under  argon. 


given  potentia’  is  proportional  to  the  surface  area  taking  part  in  the  reaction.  Therefore: 

-.1 = 1  -  [‘°=i 


1.76 


[shc] 


HC 


(55) 


Ar 


The  symbol*^6Hc^  represents  the  surface  coverage  of  propane  residue  which  is  oxidizable  only 


1.76 


a  •  f  Vi/  r*  i  n 

at  high  potentials  (above  1.76  volts,  hence  the  interval  1.76  to®).  "aj  is  the  oxygen  evolute 


HC 


current  in  the  presence  of  adsorbed  propane  residue,  and  is  obtained  from  a  Tafel  plot  of  the 
current-vcitage  lelationship  of  Fig.  63.  The  Tafel  plots  are  straight,  parallel  lines  at  the  high 
voltages  for  all  the  sweep  speeds  used  here  (O.Z  to  10  v/s),  indicating  negligible  ox'iation  of  the 
residue  during  ihe  sweep.  The  currents  at  1.86  volts  as  obtained  from  the  Tafel  plots  are  given 


3 


3 

I 

I 


I 

I 


I 

1 

B 
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in  Table  XU  for  30°C. 
Table  XIII. 


CO 

Equation  ?5  was  used  for  the  computation  of  the 

1.  76 


values  listed  in 


TABLE  Xm 


Results 

CaHe  {Pt)/39.  1  wt  %  HF 

Temperature  =  30°C 
Adsorption  potential  =  0.  1  V  vs  rev  Hg 

a.  Sweep  Speed  =1.0  volt/sec 


Adsorption  time  (min. ) 

0 

1 

5 

15 

Average 

6t 

0.6838 

0.7514 

0.8181 

0.8722 

“•%] 

0.1  HC 

0.6838* 

0.5376 

0.3933 

0.2763 

0.  1®HC 

0 

0.2138 

0.4248 

0. 5959 

i.76r  1 

^HC  1 

0.6 

0 

0.0803 

0. 1885 

0. 3364 

0 

0. 1435 

0.2363 

0.2595 

- 

346.0 

1210.6 

1029.  1 

1028.6 

l.76r  -] 

0.6  L’iic  J 

3.71 

b.  Sweep  Speed  =  10.0 

volts/sec 

Adsorption  time  (min.) 

0 

1 

5 

15 

Average 

0  -jn 

0. 7336 

.802/ 

.8622 

0.9049* 

0.  l""  -^C 

0.7336* 

0. 5434 

0. 4070 

0.2619* 

0.  1  HC 

0 

0.2593 

0.4452 

0. 6430* 

1.76f 

0.  6  ^ 

0 

0. 1040 

0.  1831 

0. 3343* 

CD  p  n 

[shcJ 

1.76 

0 

0.1553 

0.2621 

0. 3087* 

!  M  coul 

0.6  ^  cm^ 

- 

581. 15 

1057.  1 

709.5 

782. 6 
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TABLE  Xm  (Cont. ) 

b.  Sv/eep  Speed  =  10.  0  volts /sec  (Cont. ) 


Adsorption  time  (min. ) 

0 

1 

5 

15 

Average 

1,76-  1 

0.6  ^ 

- 

2.82 

- 

672.0 

470.8 

2215.4 

1119.4 

4.04 

1.76 

’^These  values  are  of  lower  accuracy  than  the  others  in  this  table,  since  a  low-sensitivity 
oscilloscope  trace  was  used. 


The  surface  coverage  of  hydrogen  at  0.  1  volt  is  given  by: 
O.br-g  n  ^  0.1^  -^HC 


(56) 


o.i'"  -‘hc 


(Qsh^c 


o.6r,s  "I 


where  (Qsh)c  value  277.2  ft  coul/cm*,  and  ^  is  given  in  Table  XII.  The  values 

of  Q  j  u  shown  in  Table  XIII  were  calculated  from  equation  56. 

Since  the  total  coverage  of  propane  at  0.  1  volt  has  been  calculated,  and  that  above 
1. 76  volts  is  known,  the  difference  should  be  the  coverage  which  has  been  oxidized  off  of  the 
electrode  below  1.76  volts,  or: 


1.761 


’[®Hc]  =  0.  1  ®HC  -  [®Hcl 
0.6  1.76 


(57) 


There  are  now  two  kinds  of  results  relating  to  the  oxidation  of  propane  in  the 
range  0.6  to  1.76  volts:  the  surface  coverage  {sr.e  Table  XIII  and  the  amount  of 


0.6 


1.76 

harge  required  for  the  oxidation,  ^  ^ 

1.76 


0,  6 


1.76r  "1  _  0 

L^HCJ  -  i.76ri  -1 

0.^  „.e 


The  amount  of  charge  per  monolayer  is  given  by: 

(pHc] 


(58) 


The  credibility  of  the  assumptions  and  the  validity  of  the  computational  proced¬ 
ures  can  be  evaluated  by  the  reasonableness  of  the  values  of  average  value  of 

0.6  ^ 
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1.7or 


q  I  for  30‘’C  is  1028.  6  ^  coul/cni*  which  corresponds  to  3.71  electrons  per  surface  site: 
-  HC  -1 


0.6 


1028.6 

277.2 


This  corresponds  to  about  five  surface  sites  per  propane  molecule,  a  reasonable 
value.  At  30°C,  it  is  fairly  likely  that  no  appreciable  amount  of  hydrogen  is  produced  on  the  sur¬ 
face  from  the  dissociation  of  propane  in  periods  of  up  to  15  minutes  (6).  Another  check  on  the 


present  results  is  obtained  by  considering  the  results  for  »  .  L  and  ,  L 

0  •  D  1  •  7  D 


at  different 


sweep  speeds.  At  higher  sweep  speeds,  *  [^HC  1  expected  to  decrease  while 

0.6  ^  1.76  ^  - 

expected  to  increase,  du  to  the  irreversibility  >f  the  propane  oxidation.  Furthermore,  there 


Should  be  a  proportion alitv  between  „  ,  L 

0*6 

i.76r 

Slant  should  have  a  value  near  .  , 


and  the  proportionality  con- 


The  calculation  was  made  according  to: 


1.76r-  -!  0.6 

[qHcJ  =  — TT - 

0.6 

and  the  value  obtained  was  4.04,  in  good  agreement  with  3.71  found  from  equation  59. 

With  the  reaeonableneft  of  the  results  established,  it  is  worthwhile  to  consider 
the  surface  coverage  values  for  the  various  species  as  a  function  of  adsorption  time.  Fig.  64 
shows  the  surface  coverages  for  hydrogen,  propane,  and  their  sum,  67,  as  obtained  with  sweep 
speeds  of  1.0  and  10.0  volts  per  second  at  30°C,  as  a  function  of  adsorption  time  at  0.  1  volt  vs. 
reversible  Hj  in  the  s  .me  electrolyte.  Good  agreement  was  obtained  between  the  results  at  the 
two  speeds.  The  covcr^^ge  of  propane  increases  from  q  j  ©kC  to  about  0.62  in  15  min¬ 

utes.  This  is  quite  a  slow  rate  of  adsorption,  and  is  too  slow  for  diffusion  to  be  controlling. 

The  hydrogen  is  displaced  from  the  surface,  starting  with  ..f  0.7,  and  decreasing  to  0.26  after 
15  minutes.  The  total  surface  cove/ed  increased  from  70  to  90%  during  the  same  period. 

Fig.  65  shows  that  initially,  the  amount  of  difficulty  oxidized  propane  residue  in¬ 
creases  rapidly,  but  it  levels  off  at  about  l®Hcl  “  easily  oxidized  material  builds 

1.76^ 

up  more  slowly,  but  is  present  in  approximately  the  same  amount  after  about  10  minutes  of 
(6)  L,  W.  Niedrach,  J.  Electrochem.  Soc.,  Ill  1309  (1964). 
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Fig.  64  Surface  Coverages  of  Propane  and  Hydrogen  on  Smooth  Pt  in  HF, 
as  a  Function  of  Adsorption  Time  in  Quiescent  Electrolyte. 


Fig.  65  Surface  Coverages  of  Propane  Oxidized  Below  1.76  Volts  vs  Rev  H 
and  Above  1.76  Volts  on  Platinum  in  HF  as  a  Function  of  Ad;‘orption  Time. 


adsorption,  and  continues  to  increase  slowly.  This  indicates  that  the  majority  of  the  initially 
adsorbed  propane  is  rather  tightly  bound  and  difficult  to  oxidize. 

Similar,  though  less  complete,  experiments  have  been  performed  for  propane 
on  platinum  in  39.  1  wt  %  HF  at  60  and  90°C.  The  data  reduction  was  very  similar  to  that  out¬ 
lined  above,  but  the  adsorption  pxitential  was  0.  3  volts  and,  therefore,  very  little  hydrogen  was 
prer  nnt  on  ihe  electrode  surface.  No  measure  V'ae  made  of  the  possible  formation  of  hydrogen 
from  propane.  This  may  be  Included  in  futu’^e  work.  Current-voltage  curves  for  propane  at 
60°C  for  15  minuteo  adsorption  time  at  0.3  volt  are  shown  in  Fig,  66,  for  a  sweep  speed  of  1 . 0 
v/sec.  Note  that  propane  oxidation  supports  higher  currents  at  lower  voltages  at  60^0  than  at 
50’^C.  The  surface  coverage  results  for  60*^0  are  summarized  in  Tables  XVI  and  XVll,  and  are 
speeds  of  0.2  and  1.0  volt  per  second.  Fig.  67  shows  that  the  initial  rate  of  propane  adsorption 
is  significantly  greater  than  at  30°C,  and  the  saturation  coverage  is  about  q  ^  ®HC  “  9-9.  The 
slight  discrepancy  in  initial  rates  could  be  due  to  small  con’^ection  currents  caused  by  vibrations 
in  the  apparatus.  Essentially  no  hydrogen  is  on  the  surface  in  the  presence  of  adsorbed  propane, 
at  0.3  volt.  Fig.  68  shows  that  a  large  fraction  of  the  aasorbed  propane  is  oxidized  at  potentials 
below  1.62  volts,  and  mote  is  oxidized  at  low  potentials  when  the  sweep  speed  is  decreased, 
leaving  less  than  0.  1  -  0.2  monolayer  to  be  oxidized  at  potentials  above  1.7  volts.  The  initial 
rates  of  adsorption  are  nearing  values  where  mass  transport  covM  be  rate  limiting  iiythe  very 
early  stages  of  adsorption  (0  <  0.  1).  This  point  will  be  checked  further. 

Characteristic  current-voltj^ge  traces  for  propane  on  Pt  in  39.  1  wt  %  HF  at  90°C  are 
shown  in  Fig.  69,  The  sweep  speed  was  1.0  v/sec,  performed  after  an  adsorption  of  5  minutes 
at  0,  3  volt  vs  reversible  Hj.  Note  that  a  new  peak  has  appeared  at  0.8  volts.  The  peak  near  1.2 
volts  ie  still  present,  so  the  0.8  volt  peak  is  net  merely  a  shift  of  the  higher  potential  peak. 

There  is  som'!  propane  oxidation  at  potentials  below  0,6  volt.  The  appearance  of  this  peak  is  the 
first  indication  that  prepane  can  be  oxidized  on  smooth  platinum  in  HF  in  the  potential  range  where 
no  oxide  layer  is  present.  The  previous  peaks  (Figs.  63  and  66)were  superimposed  on  the  surface 
oxidation  waves,  indicating  simultaneous  oxidation  of  propane  and  the  platinum  surface.  Fig.  69 
indicates  that  two  propane  oxidation  processes  of  similar  rates  do  occur.  Of  course,  the  peak  at 
C,  8  volt  is  of  primary  interest  to  the  fuel  cell  problem. 

The  results  for  the  surface  coverage  of  hydrogen  and  propane  at  90°C  are  sum¬ 
marized  in  Tables  XVI  and  XVII,  andare  plotted  in  Fig.  70.  Note  that  adsorption  is  es  sentially  co.n- 
plete  after  about  1  minute  at  90°C,  while  5  minutes  are  required  at  6C°C,  and  about  15  minutes 
are  necessary  to  30°C.  The  total  surface  ^jvsrage  amounts  to  about  a  monolayer  at  90°C,  75% 
of  which  can  be  ox...ized  at  1.0  v/sec  in  the  potential  range  below  1.56  volts.  About  one  quarter 
of  the  easily  oxidized  material  is  oxidized  at  potentials  less  than  0.9  volts  vs.  reversible  H^  at  a 
sweep  speed  of  1.0  v/sec. 
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Fjg.  69  Potentiodynamic  Current-Voltage  Curve  for  Propane  on  Smooth  Platinum 

in  HF  Electrolyte. 
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Fig.  70  Surface  Coverages  of  Propane  and  Hydrogen  on  Smooth  Pt  in  HF, 
as  a  Function  of  Adsorption  Time  in  Quiescent  Electrolyte. 

TABLE  XIV 


Primary  Data 
C3H3  (Pt)/39.I  wt  %  HF 
Temperature  =  60®C 


Adsorption  potential 

»  0.  3  V  vs  rev 

Hs 

a.  Sweep  Speed 

=  0.2  volt/sec 

Adsorption  time  (min.) 

0 

1 

5 

15 

‘•’[Ohc' 

0.6 

/fi  coulN 
\  cm^  i 

0 

500.3 

634.5 

(150. 2)t 

M.76 

0.775 

0.775 

0.705 

0.640 

0.3*-  ^ 

40.62 

0 

0 

0 

b.  Sweep  Speed  = 

:  1. 0  volt/ sec 

Adsorption  time  (min.) 

0 

1 

5 

15 

1 . 1 
?HcJ 

0.6 

e^) 

0 

418.4 

456.9 

629.8 

‘1.7 

♦  -  . 

(ma) 

0.920 

0.  680 

0.650 

0,635 

^  Values  in  parentheses  indicate  uncertainty  due  to  decreased  current  sensitivity. 
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TABLE  XV 


Results 

CaHe  {Pt)  39.1/wt  %  HF 


Temperature  =  60°C 
Adsorption  Potential  =  0.  3  V 

vs  rev  Hb 

a. 

Sweep  Speed  =  0.2  volt /sec 

Adsorption  time  (min. ) 

0 

1 

5 

15 

6'j' 

0 

0.4864 

0.7072 

{0.6700)t 

"•‘[en] 

0.3  HC 

0 

0 

0 

C 

0.  3  6hC 

0 

0.4864 

0.7072 

(0.6700) 

‘•“[9hc]* 

0.  6 

0 

0.4864 

0. 6169 

(0.4960) 

’  [^HC] 

1.62 

0 

0 

0.0903 

0. 1740 

b.  Sweep  Speed  =  1.0  volt/ 

sec 

Adsorption  time  (min.) 

0 

1 

5 

15  Average 

®T 

.  146 

0.6675 

0.7355 

0.9222 

‘’•'[Oh] 

0.3  HC 

0.  146 

0 

0 

0 

0.  3  ®HC 

0 

0.6675 

0.7355 

0.9222 

1.62re  - 

['’HC 

0.6 

♦ 

0 

0. 4067 

0.4420 

0.6123 

CO  r  n 

[®HC 

1 . 62 

0 

0.2608 

0.2935 

0. 3099 

-  Assumed 

0. 

76r  1 

^HCJ  = 

0 

1028.  6  from 

30°C  results. 

^  Val.jes  in  parentheses 

indicate  unce 

rtainty  due  to  decreased  current 

sensitivity. 
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TABLE  XVI 


Primary  Data 

CgHg  (Pt)/39.  i  wt  %  HF 

Temperature  =  90‘’C 
Adsorption  Potential  =  0.  3  V  vs  rev 


Sweep  Speed  =1.0  Volt/sec 


Adsorption  lime  (min. ) 

0.  3  ^  cm^  / 

1.56f^  1 

PkC  ■.  (iLE3^\ 

0.6  y  cm^  / 


0 

2 


‘  1.76 


(ma) 


1.78 


0.5 

0 

783.74 

4.00 


1.0 

0 

658. 34 

3.43 


5.0 

0 

783.74 

3.  35 


the  same  sw« 


It  is  interesting  to  compare  the  currents  in  excess  of  the  blank  current  for 
i’ecp  speed  at  the  different  temperatures.  These  results  are  shown  in  Fig.  71. 

The  current-potential  curves  show  peaks  in  the  range  1.2  to  1.5  volts  for  all  three  tem¬ 
peratures.  The  90°C  cur-'e  shows  an  additional  peak  at  0.8  volt,  indicating  rapid  oxidation 
rates  starting  at  0.6  volt.  It  is  this  peak  which  deserves  special  attention  in  connectior  with 
fuel  cells.  As  a  result  of  the  occurrence  of  the  low-voltage  peak,  further  work  will  emphasize 
the  higher  temperatur'. 


Fig.  71  Current-Potential  Curves  for  the  Oxidation  of  Propane  on  Smooth  Pt  for 

Various  Temperatures. 
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TABLE  XVII 


Results 

CjHg  :’^t)/39.  1  wt  %  HF 

Temperature  =  90®C 
Adsorption  Potential  =  0.  3  V  vs  rev 

Sweep  Speed  =1.0  volt/sec 


sorption  time  (min. ) 

0 

0.  5 

1.0 

5.0 

®T 

0.006 

0.9251 

0.9224 

1.0611 

0.3  -^HC 

0.006 

0 

0 

0 

0.  3  ®HC 

0 

0.9251 

0. 9224 

1.0611 

0 

0.7619 

0.6400 

0.7619 

0 

0.  1632 

0.2824 

0.2992 

*  Assumed  “  1028.6  from  30®C  results. 

0.6  ^ 

C.  Conclusions 

1.  Propane  in  39.  1  wt  %  HF  is  adsorbed  on  smooth  platinum  at  low  rates  at  tem¬ 
peratures  below  about  60*C.  At  90®C,  adsorption  is  complete  after  one  minute  in  a  quiescent 
electrolyte. 

2.  The  reduction  in  hydrogen  coverage  can  be  used  as  a  quantitative  measure  of 
the  amount  of  adsorbed  propane  on  the  platinum  surface. 

3.  At  temperatures  up  to  60°C  in  39.  1  wt  %  HF,  propane  is  not  oxidized  at  appre¬ 
ciable  rates  below  0.9  volt  vs  Hj.  Oxidation,  therefore,  occurs  in  the  presence  of  a  partially 
oxidized  Pt  surface. 

4.  At  90°C  m  HF,  a  rapid  oxidation  of  propane  takes  place  on  the  unoxidized  sur¬ 
face  of  smooth  Pt,  at  potentials  in  the  range  0.6  to  0.9  volt.  This  peak  corresponds  to  the 
oxidation  current  of  practical  interest  for  fuel  cells. 
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Research  Support  for  Developme nt 

The  progress  of  the  foregoing  sections  in  developing  a  better  understanding  of  hydro¬ 
carbon  oxidation  mechanisms  is  basic  to  continued  performance  improvements  of  the  fuel  cell, 
i.e.,  an  understanding  which  includes  the  fundamental  processes  taking  place  on  the  electrode 
surface,  as  well  as  the  knowledge  of  the  rates  at  which  these  processes  occur.  In  this  relatively 
unexplored  area  of  anodic  H.C.  oxidation  at  low  temperatures,  the  available  information  regard¬ 
ing  reaction  mechanisms  and  rate-controlling  processes  is  limited. 

It  is  conceivable  that  specific  catalysts  are  required,  if  dissociative  adsorption  results 
in  the  formation  of  relatively  stable  intermediate  species,  which  may  cause  incomplete  oxidation 
and  possible  voltage  fluctuations.  Also,  if  the  activation  energies  for  catalyzed  H.C.  oxidation 
are  high,  it  may  be  required  to  lower  the  activation  energy  barrier  by  using  specific  catalysts, 
capable  to  induce  electrochemical  reactions  compatible  with  complete  H.C.  oxidation.  These 
mechanistic  studies  must  be  complemented  by  the  determination  of  reaction  rates  and  the  rate¬ 
controlling  processes  as  they  will  occur  on  practical  electrodes.  These  rates  will  undoubtedly  be 
dependent  on  the  conditions  at  which  the  oxidation  occurs  as  well  as  on  the  same  geometric  factor, 
as  encountered  in  electrode  structures,  which  may  hinder  increased  rates,  i.e.  ,  cell  current 
densities . 


The  following  examples,  extracted  from  the  studies  conducted  during  this  period  of  the 
contract,  are  reported  to  illustrate  how  results  and  implications  will  affect  performance  improve¬ 
ments  of  the  direct  oxidation  of  hydrocarbons. 

•  The  anodic  oxidation  of  ethane  may  yield  two  categories  of  surface  species  display¬ 
ing  different  reactivities.  Accumulation  of  one  of  these  species  may  result  in  surface 
"poisoning.  "  Development  of  specific  catalyst  or  operation  conditions  (temp. ,  elec¬ 
trolyte,  etc.  )  may  hinder  or  eliminate  the  formation  of  these  relatively  stable  species 
and  yield  a  somewhat  "cleaner"  reaction.  These  results  and  their  interpretation 

will  probably  also  be  applicable  to  other  hydrocarbons. 

•  Scale-up  from  w >-e  electrodes  to  semi-micro  fuel  cell  electrodes  has  substantiated 
the  esults  observed  on  wires .  This  shows,  indeed,  applicability  of  techniques  and 
results  to  practical  porous  electrodes  and  the  significance  of  these  fundamental  in¬ 
vestigations  in  terms  of  practical  systems.  In  addition,  similarity  in  behavior  of 
methane  and  propane  as  compared  to  ethane  has  been  shown. 

•  Further  evidence  of  the  formation  of  intermediate  species  has  been  demonstrated 
on  macro-anodes  representing  a  scale-up  of  10®- 10*’ over  wire  electrodes.  At  low 
current  densities  these  processes  will  affec»  anodic  over-voltage  and  in  practice, 
overall  cell  voltage. 

•  At  high  current  densities,  reaction  rates  on  practical  electrodes  will  be  affected 
by  mass  transport  processes  as  observed  from  results  on  thin  electrolyte  films. 
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These  films  will  be  present  in  porous  metallic  electrodes  and  become  transport 
rate  limiting,  independently  from  the  surface  processes.  These  results  combined 
with  engineering  data  on  fuel  and  water  transport  rates  will  allow  one  to  define 
optimum  pore  geometries  to  yield  high  electrode  currents  and  minimize  water 
transport  from  the  electrolyte.  Results  will  affect  the  structural  electrode 
configurations  and  become  a  guide  to  the  design  of  hydrocarbon  electrodes. 

Active  catalytic  deposiiiou  techniques  on  porous  structure  may  become  a  by¬ 
product  of  these  investigations. 

•  Reaction  mechanisms  and  rates  cannot  only  be  affected  by  the  electrocatalyst, 
but  also  by  environmental  conditions.  ,  e.  g.  ,  type  of  electrolyte.  Hydrofluoric 
acid  represents  a  type  of  electrolyte,  which  allows  for  high  transport  rates  and 
power  densities,  i.e.,  80  milliwatts /cm^  at  150°C  (IR  free).  Once  reaction 
mechanisms  and  fundamental  properties  resulting  in  this  increased  performance 
are  understood,  criteria  for  selection  of  electrolytes  jnay  be  established  and 
integrated  with  the  engineering  requireme.its  for  overall  self-sustaining  fuel 
cell  systems. 

Imm.ediate  benefits,  however,  are  derived  from  the  research  by  tha  continuous  fall-out 
d;  design  criteria  for  concurrent  development  work.  The  porous  electrode  development  program, 
.‘or  example,  is  striving  to  achieve  first,  structures  with  the  high  porosity  and  "wetproofing" 
essential  to  permit  rapid  access  of  the  gas  phases  at  the  electrolyte-fuel  interfacial  geometry 
in  order  to  maximize  dissociative  adsorption  (rate  limiting  process)  of  the  fuel  at  the  electro¬ 
catalysts  surfaces;  and  secondly,  structures  with  pore  diameter  and  population  that  present  an 
electrolyte  film  meniscus  geometry  to  maxim- ze  transport  rates.  In  both  cases  an  electrolyte 
concentration  for  maximum  fuel  solubility  is  required. 
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4.  2 

Elecirocatalyst  research  is  directed  at  the  development  of  a.  low  cost,  highly  active, 
stable  catalyst  system.  The  technical  app  oach  to  reduce  cost  it  utilization  of  a  low  cost  diluent 
or  substrate  for  extending  platinum  or  a  platinum  alloy.  Tantalum  and  hor<.n  carbide  substrate 
studies  are  discussed  in  this  section.  Catalyst  ompatibility  with  the  hydrogen  fluoride  electro¬ 
lytes  was  also  investigated.  Evaluation  of  alloy  catalysts  has  been  introduced  during  this  report¬ 
ing  period  as  a  new  aid  distinct  area  of  investigation.  The  principal  objective  will  be  to  enhance 
activity  with  an  electrocatalyst  system  which  may  fully  utilize  lower  cost  substrate  technology. 
The  work  elements  of  electrocatalyst  research  together  with  the  respective  objectivea  are  sum¬ 
marized  in  Table  I,  Section  3.  1. 

4.2.1  Exchange  and  Adsorption  Studies  (D.  W.  McKee) 

Investigation  of  binary  alloy  electrocatalysts  for  use  in  hydrocarbon  fuel  cells  is  con¬ 
tinuing  together  with  studies  of  dispersions  of  platinum  on  conducting  substrates.  Evaluation  of 
new  catalyst  systems  by  means  of  gas  phase  adsorption  and  exchange  techniques  has  been  dis¬ 
continued  under  this  contract. 


4.  2.  1.  1  Exchange  Studies 

Further  use  of  the  methane -deuterium  exchange  technique  has  been  nr^ade  in  the  study 
of  catalytic  aciivitv  patterns  in  binary  alloys  of  the  platinum  group.  As  previously  noted  (1),  a 
definite  correlation  seems  to  exist  between  the  ability  of  a  metal  or  alloy  system  to  catalyze  this 
e.xchange  reaction  and  its  activity  as  an  electrocatalyst  in  a  hydrocarbon  fuel  cell.  A  logical  basis 
for  this  correlation  exists  if  the  rate  determining  step  at  the  fuel  cell  anode  involves  dissociative 
adsorption  of  the  hydrocarbon  molecule. 

The  results  of  previous  exchange  measurements  (1,  2)  have  shown  that  the  activities  of 
noble  metal  alloys  can  approach  or  even  exceed  that  on  pure  platinum  in  certain  cases.  In  partic¬ 
ular,  ruthenium  seems  to  possess  the  ability  to  increase  the  catalytic  activity  of  platinum  over 
certain  ranges  of  alloy  composition.  As  a  sequel  to  this  finding,  the  exchange  activities  of  alloys 
of  ruthenium  are  being  investigated  in  the  hope  of  discovering  other  combinations  with  enhanced 
activity  for  hydrocarbon  dehydrogenation, 

Prelimi.iary  recults  with  a  38%  Ru-Ir  alloy  were  encouraging.  As  previously  reported 
(2),  this  alloy  showed  an  exchange  rate  considerably  greater  than  either  ruthenium  or  iridium 
alone  but  still  somewhat  less  than  that  of  pure  platinum  under  the  same  conditions. 

(1)  Technical  Summary  Fvepori  No.  4,  December  31,  1963,  Contract  No.  DA  44-009-ENG-4909, 
p.  5-7  through  5-18. 

(2)  Technical  Summary  Report  No.  5,  June  30,  I9t4,  Contracts  DA  44-009-AMC-479CT,  DA  44- 
009-ENG-4909,  p-  4-12,  through  4-27. 
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Figs.  71  and  73  illustrate  typical  exchange  results  or  a  17%  Ru-Ii  alloy  at  100  and 
133'^C  respectively.  This  alloy  was  pr .spared  in  the  usual  way  by  reduction  of  a  mixed  solution  of 
ruthenium  and  iridium  chlorides  with  5%  sodium  borohydride  solution.  The  range  of  complete 
solid  solution  in  this  system  is  quite  limited,  and  X*ray  diffraction  patterns  indicated  that  the  al¬ 
loys  consisted  of  two  phases,  one  hexagonal  {Ru  iich)  and  the  other  cubic  (Ir  rich).  The  surface 
areas  of  these  samples  have  not  yet  been  determined,  but  after  reduction  in  hydrogen  may  be  as¬ 
sumed  to  lie  in  the  usual  range  7-12  m*/g. 

Both  Ru-Ir  samples  investigated  showed  mainly  multiple  exchange,  a  result  which  is  not 
iine.xpected  as  both  pure  elements  promote  this  type  of  exchange  mechanism  in  contrast  to  platinum 
and  palladium,  which  give  rise  to  step-wise  exchange.  Whereas  the  38%  Ru-Ir  alloy  showed  some¬ 
what  lower  activity  than  platinum  black  prepared  under  the  same  <  onditions,  the  17%  Ru-Ir  alloy 

was  more  active  than  olatinum,  as  shown  below. 

TABLE  XVm 


Rate  of  Methane -.De ate rium  Exchange  on  Ru-Ir  Allovs 


Sam.ple  No. 

Composition 

Rate  at  100**  C 

Y-1 

38%  Ru-Ir 

8.0 

X 

10^  molecules/sec/g. 

Y-2 

17%  Ru-Ir 

8.  6 

X 

10^*  molecules/sec/g. 

100%  Pt 

1.8 

X. 

10^®  molecules/sec/g. 

Alloys  of  the  platinum  group  that  posaess  exchange  and  dehydrogenation  activities  ex¬ 
ceeding  that  of  platinum  itself  thus  include:  Pt-Ru  (around  15  wt.  %  Ru),  Pt-Rh  (15-80  wt.  %  Pt), 
Ru-Ir  (around  17  wt.  %  Ru).  Preliminary  results  also  indicate  that  the  Pd-Ru  system  shows 
5;  nilar  properties.  Similar  patterns  of  catalytic  activity  have  been  found  for  Pt-Ru  and  Pt-Rh 
alloys  in  hydrocarbon  fuel  cell  operation  (3),  but  no  fuel  cell  data  has  yet  been  published  for  the 
other  alloys  mentioned  above.  The  "synergistic"  action  of  ruthenium  appears  to  be  unique  among 
the  platinum  group  metals. 

1.2.  1.2  Adsorption  Studies 

A.  Adsorption  and  Decomposition  of  Butanes  on  Platinum  Black 

The  mechanism  by  which  a  hydrocarbon  adsorbs  and  decomposes  on  a  metal  elec¬ 
trocatalyst  is  fundamental  10  the  operation  of  the  hydrocarbon  »uel  cell.  Electrochemical  meas¬ 
urements  (Sections  4.  1.  1  and  4.  1.2)  indicated  that  the  dissociat,.'e  adsorption  of  the  hydrocarbon 
may  be  the  rate  determining  step  in  the  electrochemical  oxidation  of  hydrocarbons  on  platinum 
electrodes.  Such  investigations  are,  however,  unable  to  give  direct  information  on  the  nature  of 

(3)  USAEL  Report  No.  3,  Engelhard  Industries,  April  1963,  Contract  No.  OA-36-039  SO-90691. 


4-124 


T 


17%  Ru-Ir  ALLOY 

80  mm  CH4 


\12X 


40mm  Di 


H4 


tho  dccottvposition  prcductd  or  on  the  encrgotics  of  the  dissociation  process  over  a  wide  ranjie  of 
tempo ’'ature. 

In  an  attempt  to  investigate  the  effect  of  molecular  structure  on  the  mechanism  of 
hydrocarbon  decomposition  oti  a  metal  surface,  the  kinetics  of  cracking  and  the  extent  of  adsorp¬ 
tion  of  n-  and  iso-butanes  on  platinum  black  have  been  studied  over  the  temperature  range  0  to 
180*^0.  As  only  preliminary  results  were  included  in  the  previous  report,  a  more  detailed  account 
of  this  investigation  is  given  below. 

1.  Experimental 

a)  Materials 

The  platinu.m  black  used  in  this  work  was  obtained  from  Fisher  Co.  ,  and  was 
part  of  the  same  batch  used  in  previous  investigations  !4).  T,ie  unreduced  black  as  received  had  a 
P.E.T.  nitrogen  surface  area  of  19.5  m^/g.  but  in  order  to  eliminate  sintering  during  the  catalyt¬ 
ic  experiments,  the  metal  was  initially  subjected  to  a  standard  reduction-evacuation  procedure. 
After  sealing  0.8  — 0.9  g.  of  the  black  into  the  vacuum  system,  evacuation  was  carried  out  at  150“ 
overnight  to  a  pressure  below  1  x  10“®  mm.  After  cooling  to  room  teniperatur e,  10  cm.  of  dry 
nitrogen  was  admitted  to  the  sample  and  pure  hydrogen  was  allowed  to  flow  slowly  into  the  catalyst 
chamber  through  a  palladium  leak.  The  presence  of  nitrogen  tended  to  moderate  the  initial  sinter¬ 
ing  of  the  catalyst.  After  reduction  in  flowing  hydrogen  at  room  temperature  for  one  he  the 

c 

I •^rnperature  of  the  sample  was  slowly  raised  to  150  over  a  period  of  30  mins.  ,  the  flow  of  hydro¬ 
gen  continuing  during  this  time.  Finally  the  cataiysi,  was  evacueited  at  150°  for  several  hours  to  a 
pressure  below  1  x  10“®  mm.  This  procedure  was  found  to  reduce  the  surface  area  of  the  bl£v’<  to 
7—8  m^/g.  and  no  further  changes  in  surface  area  occurred  during  the  subsequent  catalytic  runs. 

The  normal  and  iso-butanes  were  Phillips  "Research  Grads"  materials  and  had 
purities  of  99.  90  and  99.  98  mol  %  respectively,  the  major  impurities  being  the  isomeric  butanes. 
These  gases  were  condensed,  degassed  and  distilled  into  the  apparatus  from  a  liquid  nitrogen  trap. 

b)  Apparatus  and  Procedure 

The  adsorption  apparatus  and  experimental  techniques  were  essentially  those 
described  previously  (4).  Following  sin’ering  and  reduction  of  the  catalyst,  in  the  case  of  ad¬ 
sorption  measurements  at  low  temperatures,  increments  of  butane  were  added  io  the  thermo- 
stated  sample  and  either  pressure  followed  as  a  function  of  time,  or  constant  pressure,  measure¬ 
ments  were  made  after  equilibration  at  the  isotherm  temperature.  Temperature  control  was 
generally  made  to  within  0.  5°  and  pressure  measurements  to  ±  0.01  mm.  At  higher  temperatures, 
where  decomposition  was  appreciable,  samples  of  the  gas  phase  were  condensed,  after  suitable 
lime  intervals,  in  cooled  demountable  traps  attached  to  the  apparatus  and  the  contents  analyzed  in 

(4)  D.  W.  McKee,  J.  Phys.  Chem.  841  (1963);^,  1  336  (1963). 
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an  F  &  M  Temperature  Programmed  Gas  Chromatograph  Model  300,  using  an  8  fv.  silica  gel 
column.  The  residual  noncondensable  gas  after  cooling  to  -195"  v-as  always  found  to  be  methane, 
no  gas  phase  hydrogen  being  detected  in  any  of  the  cracking  exp<  r iments ,  The  initial  dose  of 
buiane  admitted  to  the  samples  in  these  runs  was  adjusted  to  3.0  i  0.3  x  10^"^  molecules  and 
analysis  of  the  gas  phase  was  usually  carried  out  after  a  60  min.  contact  period.  It  was  found, 
however,  that  at  the  higher  temperatures  where  the  initial  pressure  decrease  due  to  adsorption 
was  negligit'le,  the  rate  of  pressure  rise  was  an  accurate  measure  of  the  rate  of  formation  ol 
methane  in  the  gas  phase. 

As  in  previous  studies,  it  was  found  that  cracking  of  kydroc.arbons  led  to  the 
depositio.n  of  carbonaceous  material  on  the  metal  surface  v'hich  could  only  be  slowly  and  often  in¬ 
completely  removed  by  hydrogen  reduction  at  elevated  temperatures.  In  fact,  as  discussed  be¬ 
low',  poisoning  of  the  catalyst  by  carbonaceous  residues  appeared  to  be  more  pronounced  with 
butane  than  with  lower  molecular  weight  hydrocarbons.  For  this  reason  a  new  sample  of  platinum 
black  was  generally  used  after  e£ch  high  temperature  cracking  experiment.  Following  adsorp¬ 
tion  measurements  at  temperatures  be.^ow'  80°,  adsorbed  hydrocarbons  could  be  completely  re¬ 
moved  by  evacuation  and  reduction  of  the  metal  at  150°  and  hence  the  same  sample  could  be  used 
for  a  series  of  adsorption  experiments. 

2.  Results 

a)  Adsorption  of  Butanes  on  Platinum  Below  60° 

Adsorption  of  n-  and  iso-butanes  was  found  to  occur  readily  on  the  sintered 
platinum  black  samples  at  temperatures  in  the  range  0  to  60°.  With  eacli  increment  of  adsorbate 
the  gas  pressure  fell  to  an  equilibrium  value  in  10  to  20  mins,  and  in  this  way  the  typical  iso¬ 
therms  shown  in  Figs.  74  and  75  were  measured.  The  isotherms  were  entirely  reproducible  af¬ 
ter  reduction  with  hydrogen  for  a  few  minutes  at  J00°  follov.'ed  by  evacuation  at  this  temperature, 
however,  it  was  not  generally  found  possible  to  desorb  the  hydrocarbon  completely  by  evacuation 
at  the  isotherm  temperature  .^nd  this  irreversibility  became  increasingly  marked  with  increase  in 
the  adsorption  temperature.  The  volumes  of  butane  adsorbed  at  constant  pressure  decreased  with 
increasing  temperature  as  expected  for  physic.al  adsorption.  Average  values  for  the  isosteric  heat 
of  adsorption  of  n-butane  dropped  from  around  9.5  kcals/mole  at  low  coverages  to  values  of  about 
6.  5  kcals/mole  around  the  B.  E.  T.  monolayer  capac.ty  whereas  the  mean  value  for  iso-butane  was 
11.2  kcals/mole.  The  heat  of  adsorption  was  thus  significa.itly  greater  than  the  heat  of  liquefac¬ 
tion  which  is  around  5  kcals/mole  for  both  adsorbates.  The  isotherms  showed  no  tendency  to  ap¬ 
proach  limiting  values,  suggesting  that  adsorption  proceeded  beyond  the  monolayer  with  both 
hydrot:arbcns .  The  values  of  the  heats  of  adsorption  and  the  general  nature  of  the  isotherms  indi¬ 
cated  that  in  this  temperature  range  the  adsorption  was  predominately  physical  in  nature.  How¬ 
ever,  the  slow  rate  of  desorption  found,  at  the  higher  temperatures  suggested  that  some 
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chemisorption  was  taking  place,  the  chemisorbed  species  being  removed  by  hydrogen  rednctioi' 
but  not  by  evacuation. 

b)  Adsorption  and  Decomposition  of  Butanes  Above  80° 

On  admitting  a  sample  of  either  butane  to  platinum  black  above  80°,  the  gas 
pressure  over  the  metal  at  first  decreased,  reached  a  minimum  value  .nd  then  increased  sluv/ly 
with  time.  Subsequent  analysis  of  the  gas  phase  indicated  the  presence  of  decomposition  prod¬ 
ucts,  mostly  methane,  with  small  quantities  of  ethane  and  propane.  The  rate  of  cracking  of  the 
hydrocarbon  increased  rapidly  with  increasing  temperature.  The  onset  of  cracking  is  illustrated 
in  Figs.  76  and  77,  which  also  show  the  adsorption  isobar  for  the  two  adsorbates  at  an  equilibri- 
umi  pressure  of  1C  mm.  n-butane  cracked  more  easily  than  iso-butane  at  temperatures  above 
120°  but  the  distribution  of  products  was  similar  in  both  cases.  Below  120°,  a  greater  proportion 
of  propane  and  a  smaller  proportion  of  ethane  was  formed  from  iso-butane  than  n-butane. 

Typical  pressure  vs.  time  curves  for  n-butane  are  shown  in  Fig.  78  at  a  series 
of  temperatures.  Bislow  80°  the  p''essure  fell  monotonically  with  time  as  a  result  of  adsorption  of 
the  hydrocarbon  on  the  metal  surface.  Above  this  temperature  the  curves  were  composites  of  the 
pressure  decrease  due  to  adsorption  and  pressure  increase  due  to  the  liberation  of  gaseous  decom¬ 
position  products.  At  temperat  es  above  130°  where  adsorption  effects  are  negligible,  the  total 


Fig.  76  Adsorption  and  Decomposition  of  n-butane  on  Platinum 
{0.8-0.9g.,  8  m^/g)  n-butane  admitted  =  3  x  lO'®  molecules 
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jg.  77  Adsorption  and  Decomposition  of  Iso-butane  on  Platinum 
(0.8-0.9g.  ,  8  m*‘/g)  iso-but\ne  admitted  =  3  xlO^®  molecules 


Adsorption  and  Decomposition  of  n-butane.  Pressure  vs.  time 
n-butane  admitted  =  3  xlO^*  molecules 


increase  in  pressure  over  a  60  mm.  time  interval  agreed  well  with  the  pressure  of  methane 
found  by  analysis  of  the  gas  phase.  The  -ate  of  pressure  rise  was  not  in  general  linear  through¬ 
out  this  period  due  to  the  poisoning  of  the  metal  and  retardation  of  the  cracking  reaction  by 
carbonaceous  residues  which  progressively  built  up  on  the?  catalyst  surface. 

A  summary  of  results  for  several  different  samples  of  platinum  black  is  shown 
in  Table  XIX.  The  second  column  gives  the  temperature  of  the  run,  the  third  and  fourth  columns 
the  initial  rate  of  pressure  increase  and  the  total  pressure  change  after  60  mins.  The  remaining 

columns  give  the  percentage  composition  of  the  gas  phase  at  the  end  of  this  period. 

TABLE  XIX 


Catalyst 

Wt.  = 

0.8-0. 9  g. 

Surface  area  - 

7-8  m‘' / g . 

Initial 

pressure  of 

butane  12  4  1  mm. 

T  emp. 

(dAP/dt).2 

AP 

CH,i 

CgHc 

C3I4 

Hydrocarbon 

°C 

mm /min 

mm 

% 

% 

% 

n-butane 

148 

0.  1 

5.  75 

96.  1 

3.  7 

0.  2 

131 

0.  049 

1.82 

88.  7 

6.  4 

4.  9 

125.  5 

0.  02 

0.  90 

85.  1 

6.4 

8.  5 

1  10 

0.  02 

0.71 

73.7 

15.  8 

10.  5 

94.  5 

- 

- 

76.9 

15.4 

7.  7 

iso-butane 

180 

0.  12 

4.83 

95.9 

4.  1 

- 

150 

0.056 

2.  45 

88.  9 

6.0 

4.  9 

105 

0.  025 

0.  97 

64.  5 

3.  2 

32.  3 

91 

0.  020 

0.  77 

55.  1 

4.  1 

40.8 

At  the  lower  temperatures,  iso-butane  gave  a  higher  percentage  of  propane  and 
a  lower  percentage  of  ethane  than  did  n-butane. 

''hree  different  methods  were  used  to  estimate  the  activation  energy  of  the 
cracking  reaction.  The  rate  of  formation  of  methane  was  obtained  from  the  initial  rate  of  pressure 
rise  over  the  metal  (AP/dt)o,  from  the  total  increase  in  gas  pressure  after  a  60  min.  time  inter¬ 
val,  AP  and  from  the  total  volume  of  methane  formed  during  this  period,  V,  as  obtained  by  anal¬ 
ysis.  The  first  method  was  subject  to  errors  at  the  lower  temptrratu res  due  to  initial  adsorption 
of  the  tiydrocarbon  and  the  other  two  methods  were  rendered  uncertain  at  high  temperatures  by  the 
deposition  of  carbonaceous  residues  on  the  metal.  A  summary  of  the  results  obtained  by  the  three 
methods  is  given  in  Table  XX. 
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TABLE  XX 


Activation  Energies  for  Methane  Formation  Rate 


logio{AP/cIt)g  logic  AP  logio^ 

1,.0  16.2  18.0 

Mean  Value  17.  1  kcals/mole 
0.7  9.0  11.3 

Mean  Value  10.0  kcals/ir  ole 

n-butane  showed  a  significantly  higher  activation  ene.rgy  than  iso-butane.  The 
corresponding  mean  frequency  factors  were  4.2  x  10^®  and  3.2  XlO^  molecules /sec /cm®  for  the 
normal  and  iso-paraffin  respectively. 

c)  Carbonaceous  Residues 

The  chemisorption  of  the  butanes  and  tl  eir  decomposition  above  80®  was  always 
accompanied  by  the  build  up  of  strongly  adsorbed  residues  on  the  metal  surface.  This  material 
had  an  overall  C/H  ratio  between  0.3  and  1.2.  After  contact  with  butane  at  100®,  the  metal  could 
be  completely  reactivated  by  treatment  with  hydrogen  for  a  few  minutes  at  100°,  however  more 
lengtny  reduction  was  required  after  cracking  runs  at  higher  temperatures  and,  following  butane 
decomposition  at  150° and  above,  it  became  impossible  to  restore  the  metal  to  its  original  activ¬ 
ity.  Tite  progressive  poisoning  of  a  platinum  black  sample  on  successive  cracking  runs  v.  ith 
n-butane  at  150°  is  illustrated  in  Fig.  79,  the  metal  being  reduced  with  hydrogen  for  several 
hours  at  150°  and  then  evacuated  to  1  xl0“®mm.  after  each  run.  The  activity  of  the  catalyst  de¬ 
creased  rapidly  in  spite  of  this  treatment  and  the  proportion  of  ethane  and  propane  in  the  products 
increased  steadily. 

3.  Discussion 

The  behavi.'ir  of  butane  at  the  surface  of  platinu'i.  black  can  be  divided  into  three 
temperature  regions. 

1)  Below  about  50°.  adsorption  is  mostly  reversible,  rapid,  and  probably  physical 
in  nature.  The  heats  of  adsorption  are  somewhat  greater  than  expected  for  pure  physi¬ 
cal  idsorption  and  as  desorption  becomes  progressively  slower  on  raining  the  tempera¬ 
ture,  it  IS  likely  that  even  at  these  temperatures  there  is  some  contribution  from 
chemisorption.  The  monolayer  capacities  as  calculated  by  application  of  the  B.E.T. 
equation  to  the  low'  temperature  isotherms  are  shown  in  the  third  column  of  Table  XXI 
below  and  the  corresponding  i  ross-secl’onal  areas  of  the  adsorbate  molecules  in  the 
monolayer  are  given  in  the  fourth  column.  These  latter  values  are  slightly  smaller 
than  the  values  ca.culated  from  the  liquid  density,  assuming  twelve  nearest  neighbors 
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Fig.  79  Poiaoning  of  Platinum  by  Carbonaceoua  Reaiduea.  Succeaaive  Cracking  Runa 

with  n-butane  at  150°C. 

(laat  column),  auggeating  that  at  0*’  the  adaorbate  moleculea  are  more  tightly  packed 
than  in  a  condenaed  liquid. 


TABLE  XXI 


Propertiea  of  Phyaically  Adaorbed  Butane  Monolayera 


V 

A 

A, 

m 

m 

L 

Adsorbate 

Temp. 

ml.  STP/g 

n-C^HjQ 

0° 

1.0 

27.7 

32.  1 

17° 

0.  87 

31.9 

iso-C4Hio 

0° 

1. 27 

21.8 

32.  9 

2)  Between  50°  and  80°  the  adsorption  is  still  appreciable  but  irrevers  .  Al¬ 
though  no  gaseous  decomposition  products  are  detected  in  this  range,  chei  isorption  is 
cer’.ainly  taking  place,  probably  with  some  dissociation  of  C-H  bonds  in  thf  surface 
layer.  At  these  temperatures  the  metal  is  mostly  covered  with  chemisorbed  fragments. 
Thus  an  adsorption  of  0. 26  ml.  STP/g  on  a  surface  of  7  m^/g  amounts  to  1 . 0  x  10^* 
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molecules /crn^.  Assuming  that  there  are  approximately  1.2  X  10*'~Pt  sites/rm^, 
one  adsorbed  butane  would  occupy  12  metal  site®. 

3)  Above  80°  decomposition  takes  place  with  the.  formation  of  methane,  small 
amounts  of  ethane  and  propane  and  the  deposition  of  a  carbonaceous  residue  on  the 
metal  surface.  No  hydrogen  could  be  detected  in  the  gas  phase  although  the  analytical 
method  was  rather  insensitive  to  small  amounts  of  hydrogen,  chemisorbed  hydrogen 
atoms  were  certainly  present  in  the  surface.  No  isomeric  butanes  were  found  in  the 
products.  The  carbonaceous  material  on  the  cat..lyst  could  only  oe  partially  removed 
by  hydrogenation  and  the  fraction  remaining  irreversibly  adsorbed  increased  with  the 
temperature  of  decomposition. 

The  results  indicate  that  the  metal  surface  is  substantially  covered  with  a  layer 
of  chemisorbed  material  before  decomposition  of  the  hydrocarbon  becomes  appreciable.  A  simi  ' 
lar  conclusion  was  reached  m  the  case  of  propane  cracking  on  nickel  (5),  The  extent  of  decompo¬ 
sition  was  greater  for  n-butane  than  iso-butar.e  between  110  and  180°  although  the  activation  en¬ 
ergy  for  methane  formation  was  somewhat  lower  in  the  case  of  iso-butane.  This  difference  may 
be  related  to  the  configuration  of  the  hydrocarbon  molecule,  the  branched  chain  conferring  addi¬ 
tional  stability.  Thus  the  free  energy  of  formation  of  iso-butane  is  less  than  that  of  n-butane  be¬ 
low  about  170°  (6).  Hov.^ever,  the  thermodynamic  stability  of  the  molecules  may  not  be  related  to 
the  ease  of  dissociation  of  C-H  bonds.  Thus  Galwey  and  Kemball  (7)  report  that  dissociative  chem¬ 
isorption  takes  place  more  readily  w'ith  2 -methylbutane  than  with  n-pentane  over  supported  nickel 
and  results  of  exchange  experiments  of  iso-butane  with  deuterium  have  indicated  that  on  some 
metals  exchange  of  the  tertiary  hydrogen  atom  occurs  much  more  rapidly  than  the  primary  hydro¬ 
gens  (8).  It  is  possible  that  the  higher  isotteric  heat  of  adsorption  observed  with  iso-butane  than 
with  n-butane  is  traceable  to  the  lower  energy  of  dissociation  of  the  tertiary  hydrogen  in  the  for¬ 
mer  case. 

The  reaction  rates  and  product  distributions  in  this  work  are  quite  different 
from  those  observed  in  the  case  of  hydrocracking  by  Anderson  and  Baker  (9)  on  platinum  films 
in  the  presence  of  a  large  excess  of  hydrogen.  The  rates  were  generally  considerably  greater  in 
the  latter  case  and  it  is  likely  that  the  excess  hydrogen  tends  to  keep  the  metal  surface  free  of 
carbonaceous  residues.  The  rate  determining  step  of  tha  overall  rea^t’en  is  probably  different 
for  hydrocracking  and  the  proportion  of  higher  molecular  weight  products  tends  to  be  greater. 

(5)  D.  W.  McKee.  J.A.C.S.  M,  4427  (1962). 

(6)  National  Bureau  of  Standards  Circular  C461,  1947,  p.  3S2. 

(7)  A.  K,  Galwey  and  C,  Kemball,  Trans.  Faraday  Soc.  1959  (1959). 

(8)  C,  Kemball,  Proc  Roy.  Soc.  (London),  A229,  377  (1954). 

(9)  J.  R.  Anderson  and  3.  G.  Baker,  Proc.  Roy.  Soc.  (London),  A27 1 ,  402  (1963). 


I'liuSi  for  the  hydrocracking  ol  r.-biitane  over  platinum  at  the  distribution  of  products  was 

ZlfoCHjj,  (i3%CaH,  40%  and  lt)%iso-C4H  ,  whereas  with  iso-butane  at  <d85°  the  produi  t 

composition  was  15%  CH^,  8%  CaH.-,  ld%  and  58%  n-C4Hjo.  These  compositions  represent 

analyses  after  60  min.  contact,  no  attempt  was  made  to  study  changes  in  product  distribution  as  a 
function  of  time  and  the  influence  of  carbonacaous  residues  on  the  results  w'as  not  known.  No  iso¬ 
merization  products  were  found  in  the  present  work  and  molecular  rearrangements  appear  to  re¬ 
quire  the  presence  of  hydrogen.  The  high  proportions  of  Cg  and  products  found  during  hydro¬ 
cracking  probably  arise  as  a  result  of  hydrogenation  of  surface  residues  which  remain  on  the 
catalyst  in  the  absence  of  excess  hydrogen.  The  product  distributions  found  in  hydrocracking  led 
Anderson  and  Baker  to  conclude  that  the  slov/  step  in  this  process  involves  C-C  bond  rupture 
rather  than  product  desorption.  In  .he  present  case,  it  seems  likely  that  the  kinetics  of  cracking 
of  butanes  are  controlled  by  the  raie  of  hydrogenation  of  the  surface  residues. 

According  to  Robertson,  the  decomposition  of  n-butane  on  an  incandescent 
platinum  filament  gives  r  e  mainly  to  ethyl  radicals  (10).  Thus  at  1050°  the  products  are  ethane, 
ethylene  and  only  a  trace  of  methane.  In  this  case  selective  fission  occurs  at  the  central  C-C 
bond.  This  distribution  of  products  is  also  quite  different  from  that  found  in  the  present  work. 

The  rates  of  formation  of  methane  from  n-C^Hj^o,  iso-C4Hj^o,  and  C3  Hq  over  sintered 
platinum  black  at  150°  are  5.  3  X  10^°,  2.  1  X  10^°  and  0.8  Xi0^°  molecules /sec /cm^  respectively . 
Thus  if  appreciable  amounts  of  ethane  and  propane  were  formed  they  would  tend  to  accumulate  in 
the  gas  phasi*.  If  C-C  bond  fission  occurred  with  equal  probability  at  the  1,  2  and  2,  3  positions 
in  n-butane  the  expected  product  distribution  would  be  25%  CH4,  50%  CgH^,  and  25%  CgHe,  The  fact 
that  only  very  small  amounts  of  C-  and  C3  species  are  found  with  n-butane  indicates  that  fission 
occurs  almost  entirely  at  the  terminal  C-C  bond  at  the  higher  temperatures,  C3  species  which 
are  formed  simultaneously  remain  on  the  metal  surface  and  contribute  to  the  carbonaceous  resi¬ 
due.  In  iso-butane  where  only  terminal  C-C  bond  fission  is  possible,  the  theoretical  product  dis¬ 
tribution  would  be  50%  CH4  and  50%  CgHg.  This  ratio  is  approximately  correct  below  100°,  but 
llie  proportion  of  C^Hg  in  the  products  decreases  rapidly  with  increasing  temperature.  In  the 
case  of  the  cracking  of  propane  (4),  a  higher  proportion  of  ethane  was  found  in  the  products  and 
probably  arose  from  the  slow  hydrogenation  of  CgHj^  surface  species  by  chemisorbed  hydrogen 
atoms.  The  mechanism  of  propane  cracking  was  formulated  as  follows  (5); 

Ch4(g) 

CHy 

I  fast 
(8-n)  H 


(10)  A.  J,  B.  Robertson,  Proc.  Roy.  Soc.  (Condon),  A199,  394  (1949). 


C3H3  - ►  C3H,  (ads) 
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The  surface  residue  is  made  up  of  (Cgri^  +  CgHj^)  fragments,  the  Cg  species 
being  slowly  removed  at  higher  temperatures  so  that  the  C/H  '•atio  of  the  surface  phase  increases. 
In  the  case  of  butane  a  similar  scheme  can  ’  3  formulateo. 


As  the  hydrogenation  of  mono-carbon  fragments  and  desorption  as  methane  is 
probably  rapid  and  Cg  fragments  are  not  formed  to  an  appreciable  extent,  the  kinetics  of  the 
cracking  reaction  may  be  controlled  by  the  rate  of  hydrogenation  of  the  Cg  species.  The  more 
rapid  C-H  bond  rupture  and  the  higher  concentration  of  hydrogen  on  the  surface  accounts  for  the 
greater  ease  of  cracking  of  butane  than  prepane.  The  fact  that  the  adsorbed  hydrocarbon  residue 
is  rnoie  strongly  held  in  the  former  case  suggests  that  the  relative  rate  of  hydrogenation  of  sur¬ 
face  species  of  this  type  increases  with  the  molecular  weight  of  the  fragments.  As  the  surface 
beco.mes  progressively  poisoned  by  residues,  increasingly  proportions  of  Cg  and  Cg  desorption 
products  appear  in  the  gas  phase,  as  shown  in  Fig.  79.  From  a  study  of  the  rate  of  formation  of 
methane  by  the  hydrogenation  of  hydrocarbon  radicals  from  nickel,  Galwey  (11)  concludes  that 
the  attack  of  surface  species  by  hydrogen  atoms  controls  the  kinetics  of  the  decomposition  cf  un¬ 
saturated  hydrocarbons.  In  addition  the  rate  of  methane  formation  was>  generally  first  order  in 
hydrogen  pressure.  Similar  investigations  of  the  rates  of  hydrogenation  of  radicals  formed  from 
the  dissociative  adsorption  of  an  homologous  series  of  saturated  hydrocarbons  and  of  the  kinetics 
of  hydrocracking  as  a  function  of  hydrogen  pressure  would  shed  further  light  on  the  mechanism  of 
these  complex  hydrocarbon  decomposition  reactions. 

The  general  conclusions  arising  from  this  work  and  from  previous  investigations 
of  the  decomposition  of  hydrocarbons  are  that  at  a  giver  temperature,  the  rate  of  catalytic  dehy¬ 
drogenation  and  cracking  of  the  hydrocarbon  increases  with  molecular  weight.  The  strength  of 
bonding  of  residual  carbonaceous  material  to  the  metal  surface  also  inc  -eases  so  that  the  catalyst 
becomes  more  rapidly  poisoned  with  the  higher  paraffins.  If  the  kinetics  of  decomposition  of 
hydrocarbon  are  determined  at  a  fuel  cell  electrode  by  the  rate  of  removal  of  similar  _  esidual 
n.aterial  by  electrochemical  oxidation  then  it  might  be  expected  that  the  performance  of  the  cell 
v.'ould  decrease  with  increasing  molecular  weight  of  the  fuel.  Similarly  cyclic  changes  in  output 


(11)  A.  K.  Galwey,  Proc.  Roy.  Soc.  (London)  AZ7 1 ,  218  (1963). 
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as  a  re-ult  of  potential  dependent  removal  of  surface  species,  would  tend  to  become  more  pro¬ 
nounced  with  higher  molecular  weight  hydrocarbons.  Further  information  on  the  nature  of  these 
species  and  the  kinetics  of  their  removal  under  a  variety  of  conditions  are  needed  before  these 
complex  processes  can  be  completely  understood. 

B .  Flash  Desorption  Apparatus 

Important  information  on  the  nature  of  chemisorbed  species  on  metals  has  re¬ 
cently  been  obtained  by  application  of  the  flash-desorption  technique  (IZ).  In  this  method  the  rate 
of  desorption  of  gases  from  a  metal  filament  is  measured  during  the  application  of  a  temperature 
pulse  to  the  filament.  Quantitative  information  and  the  activation  energy  of  desorption  can  be  ob- 
tai-ted  if  the  filament  temperature  is  increased  linearly  with  time.  A  mod'fication  of  this  technique 
by  Cvetanovic  and  Amenomiya  (13)  using  a  much  slower  rate  of  temperature  increase  has  been 
used  lO  obtain  information  on  the  nature  of  chemiso  ■  ed  olefins  on  alumina.  An  apparatus  based 
on  this  principle  has  oeen  constructed  for  use  with  metal  powders  and  preliminary  resuUs  have 
been  obtained  for  the  adsorption  of  ethylene  on  platinum  black. 

The  apparatus  is  shown  in  Figure  80.  The  right  hand  side  is  composed  of  a  series 
ci  gas  burettes  and  manometers  for  introducing  measured  doses  of  adsorbate  to  the  catalyst  con¬ 
tained  in  the  central  adsorption  cell.  Following  admission  o<'  the  hydrocarbon,  the  metal  sample 
is  evacuated  at  room  temperature  to  remove  excess  adsorbate  and  then  a  stream  of  dry  helium  is 
allowed  to  pasn  over  the  metal  at  a  constant  rate.  When  the  catalyst  temperature  is  raised  at  a 
uniform  rate  by  rnea  is  of  the  temperature  programmer,  desorbed  material  is  carried  in  the 
helium  stream  through  a  thermal  conductivity  cell,  the  response  of  which  is  plotted  on  a  recorder 
chart.  Since  the  ilow  rate  of  helium  is  constant,  the  deflection  of  the  recorder  due  to  the  pres¬ 
ence  of  desorbed  hydrocarbon  in  the  carrier  gas  should  be  proportional  to  the  rate  of  desorption. 
The  rate  oi  desorption  increases  with  temperature  at  first  but  eventually  begins  to  decrease  as  a 
result  of  depl'tion  of  adsorbed  material,  so  that  a  peak  is  recorded.  The  recorded  peaks  are  re¬ 
ferred  to  as  the  fla? ’  -desorption  chromatogram.  The  temperature  at  which  the  peak  maximum 
occurs  is  related  to  2  activation  energy  of  desorpticr.  by  the  equation 

J  ic*  T„  -  .og  (,  = 

where  Tm  =  the  peak  temperature, 

^  =  the  rate  of  temperature  increase. 


(12)  G.  Ehrlich.  J.  Chem.  Phys.  34,  Z9,  39  (-961).  P.  A.  Redhead  Trans.  Faraday  Soc. 
641  (1961). 

(13)  Y.  Amenomiya  and  R.  J.  Cvetanovic  J.  Phys.  Chem.  67 ,  144  (1963). 
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v^n  =  the  volume  of  hydrocarbon  adsorbed  at  complete  coverage, 

K  =  a  constant . 

In  the  present  apparatus,  the  rate  of  temperature  increase  can  be  vane  from 
0.3'' to  30°C/min. 

A  typical  flash  desorption  chromatogram  for  ethylene  adsorbed  ^n  platinum  black 
is  shown  in  Fig.  81  (A)  for  one  rate  of  temperature  rise.  Approximately  10  cm.  of  ethylene  were 
allowed  to  stand  over  the  freshly  activated  metal  for  15  min.  at  room  temperature,  before  evacu¬ 
ation  at  the  same  temperature  for  a  further  30  min.  Interpretation  of  the  chromatogram  is  com¬ 
plicated  by  the  fact  that  decomposition  of  the  ethylene  takes  place  at  elevated  temperature,  the 
desorbed  phase  consisting  of  ethy.ene,  methane,  ethane  and  possibly  hydrogen  04)  Neverthe¬ 
less.  the  chromatogram  consists  of  a  single  peak,  the  maximum  rate  of  desorption  occurring  at  a 
temperature  of  about  180°C.  This  situation  may  be  compared  with  the  flash-desorption  chromato¬ 
gram  of  ethylene  on  alumina  shown  in  Fig.  8(B).  In  this  case  two  distinct  peaks  are  observed, 
representing  different  adsorption  sites  or,  the  alumina  surface,  the  largest  peak  probably  corres¬ 
ponding  to  physical  adsorption.  The  smaller  peak,  however,  still  persists  after  prolonged  evac¬ 
uation  at  100°C  after  adsorption  and  represents  strong  chemisorption  with  a  heat  of  adsorption  of 
36.4  kcals/mole.  In  the  case  of  adsorption  on  platinum,  the  position  of  the  peak  suggests  a  some¬ 
what  lower  heat  of  adsorption,  however  the  a^^sorption  is  somewhat  irreversible  as  the  area  un¬ 
der  the  peak  decreases  on  successive  runs.  It  is  likely  that  carbonaceous  material  is  accumu¬ 
lating  on  the  metal  surface.  The  kinetics  of  hydrogenation  of  these  residual  fragments  can  be 
measured  by  substituting  hydrogen  for  helium  as  the  carrier  gas.  Such  information  is  of  impor¬ 
tance  in  understanding  the  mechanism  of  the  dissociative  adsorption  of  hydrocarbons  on  metals. 

C .  Adsorption  and  Catalytic  Properties  of  Boron  Carbide-Supported  Platinum 

Considerable  interest  has  recently  arisen  in  ih?  use  of  finely  powdered  boron 
carbide  as  a  catalyst  substrate  for  low  concentrations  of  platinum  and  other  active  metals.  (15) 
Encu.*raging  performance  has  been  obtained  with  electrodes  containing  only  small  amounts  of 
platinum  supported  on  boron  carbide  in  fuel  cells  running  on  hydrogen  and  propane  (Section 
4.2.2).  It  is  therefore  of  considerable  importance  to  study  the  nature  of  platinum  of  this  sub¬ 
strate,  the  effective  area  of  active  metal  as  a  function  of  plf  inum  loading  and  the  rate  of  sinter¬ 
ing  or  growth  of  platinum  crystallites  as  a  function  cf  temperature.  Preliminary  results  have 
been  obtained  by  application  of  gas  adsorption  techniques. 


(14)  D.  W.  McKee.  J.A.C.S.  1109  (1962). 

(15)  Technical  .Summary  Report  No.  5,  June  30,  1964,  Contract  No.  DA-44-009-ENG-4909, 
p.  4-27. 
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Fig.  80  Flash  Desorption  Apparatus 
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1. 


Experimental 

five  samples  have  been  used  to  date,  these  contained  0,  0.5,  i!.0,  4.M  and  9.  i 
wt  i  'Tc  platiimm  respectively  deposited  on  the  boron  carbide  by  means  of  thermal  decomposition 
of  Pt{NH3)2{N03)3  sail.  Each  sample  was  sealed  into  the  adsorption  apparatus  and  evacuated  at 
150°C  overnight  to  a  pressure  less  than  1  X  10"®mm-  The  adsorption  of  nitrogen  at  -195“C  was 
then  measured  on  each  sample  and  the  total  surface  area  evaluated  by  application  of  the  B.E.  T. 
adsorption  equation  (16).  The  samples  were  then  heated  and  evacuated  at  170'^,  and  reduced  at 
this  temperature  in  a  stream  of  pure  hydrogen  for  one  hour.  Finally  the  samples  were  evacuated 
again  at  170'^  for  a  further  hour.  The  adsorption  of  hydrogen  at  170°  was  then  measured  on  each 
catalyst  sample.  The  volume  of  hydrogen  adsorbed  gives  a  measure  of  the  effective  area  of  the 
platinum  in  each  sample. 

ihe  samples  w/ere  then  heated  and  evacuated  at  200°C  and  the  rate  of  exchange  of 
deuterium  and  methane  was  measured  at  this  temperature  using  an  initial  mixture  of  40  mm.  Dn 
and  80  mm.  methane.  The  rate  of  this  reaction,  expressed  in  the  specific  units,  molecules/sec/ 
cm®,  gives  a  measure  of  the  activity  of  each  sample  for  the  dehydrogenation  of  a  simple  hydro¬ 
carbon. 


2.  Results 

The  chemisorption  of  hydrogen  has  frequently  been  used  in  the  past  to  determine 
the  effective  area  of  the  metallic  component  of  a  supported  catalyst,  such  as  platinum  dispersed 
on  alumina  (17).  The  method  requires  that  hydrogen  form  a  complete  monolayer  on  the  metal 
surface,  each  adsorbed  hydrogen  atom  occupying  one  surface  metal  site.  Assuming  a  reasonable 
value  for  the  number  of  metal  atoms  per  cm®,  the  effective  area  of  the  metal  can  be  calculated. 

The  volume  of  nitrogen  physically  adsorbed  at  its  boiling  point  gives  the  total  surface  area  of  the 
catalyst  sample.  The  metallic  phase  is  probably  dispersed  on  the  substrate  in  the  form  of  small 
crystallites  and  the  average  size  of  these  deposits  can  be  obtained  from  the  adsorption  data  by 
assuming  that  each  crystallite  is  a  cube  of  side  d  with  five  exposed  faces,  one  being  in  contact 
with  the  support.  The  exposed  surface  is  then  5  d^  the  weight  being  d®p  where  p  is  the  density  of 
of  the  metal.  Thus  the  average  cryst:.llite  size  is  5/Sp  where  S  is  the  surface  area  of  the  metal 
per  gram.  The  results  found  for  three  Pt-B4C  samples  are  showm  in  Table  XXII.  The  total  surface 
area  of  the  substrate  was  11.9  m®/g.  The  third  column  shows  the  volume  of  hydrogen  adsorbed/g. 
of  sample.  The  last  four  columns  give  the  effective  area  of  the  platinum,  the  total  Pt  area  per  g. 
of  sample,  the  average  Pt  crystallite  size  and  the  rate  of  CH^-Dg  exchange  at  200°C. 


(16)  S.  Brunauer,  P.  H.  Emmett  and  E.  Teller  J.A.C.S.  60,  309  (1938). 

(17)  L.  Spenadel  and  M,  Boudart,  J.  Phys.  Chem.  64,  204  (1960). 
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TABLE  XXll 


Properties  of  Pt-B^C  Catalysts 
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Surface  .Area 

Total  Pt  Area 
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- 
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14 
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149 
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16 

1. 7  X 

10- 

21 

2.0 

0.  ilO 

65.  3 

1.  31 

36.  5 

7.  5  X 

10" 

1^^ 

4.8 

0.  679 

63.5 

3.05 

38 

12.0  X 

10" 

30 

9.  1 

1.007 

50.7 

4.  61 

47 
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% 
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i 

very  high 

degree  of  dis 

;persion  o: 

the  metal,  however  the  Pt  co 

ntent  of  this  sam 

pie 

is  too  low 

to 

give  rise 

to  appreciabl 

e  rates  of 

CH.-r^ 

exchange  and  would  be  expected  to  be 

quite  inactive 

in 

the  hydro 

carbon  fuel  c( 

el). 

On  increasing  the  loading  of  platinum  the  specifu  surface  area  decreases  as  the 
crystallites  grow  in  size.  It  is  interesting  that  the  average  crystallite  size  of  sample  19,  ob- 
’ained  from  electron  micrographs  (Section  4.2.2)  agrees  well  with  the  value  obtained  from  ad¬ 
sorption  measurements.  In  both  sample  19  and  20,  the  surface  area  of  the  platinum  is  about  t'vice 
as  great  as  that  of  a  commercial  platinum  black  and  as  expected  an  electrode  made  of  this  ma¬ 
terial  is  more  active,  per  unit  weight  of  platinum,  than  a  conventional  Pt  black  electrode.  The 
effective  surface  area  of  the  Pt  on  these  samples  may  be  tending  to  a  limit  of  about  40  m^/g  at 
high  loadings.  The  rate  of  CH4-p2  exchange  is  roughly  proportional  to  the  total  Pt  area  of  the 
samples  and  to  the  current  density  obtained  from  fuel  cell  electrodes  m.nde  of  the  same  material. 
(Section  4.2.2.)  This  finding  confirms  again  that  the  rate  of  the  exchange  reaction  is  a  useful 
criterion  for  predicting  electrocatalytic  activity.  Additional  work  along  these  lines  is  planned 
for  boron  carbide  impregnated  with  platinum  alone  and  in  combination  with  other  active  metals. 

The  use  of  hydrogen  chemisorption  in  the  determination  of  !..e  effective  area  of 
the  motalLc  component  of  a  supported  catalyst  is  subject  to  the  assumption  that  activated  diffu¬ 
sion  of  adsorbed  hydrogen  atoms  away  from  the  metal  sites  along  the  substrate  surface  does  not 
occur.  This  assumption  has  recently  been  shown  to  be  invalid  for  th^  case  of  platinum  dispersed 
on  carbon,  where  a  slow  uptake  of  hydrogen  apparently  arises  from  the  migration  of  hydrogen 
atoms  from  the  metal  to  the  carbon  surface  (18).  This  effect  does  not  seem  to  occur  with  alumi¬ 
na  and  in  the  present  case  the  rate  of  hydrogen  adsorption  was  always  quite  rapid.  Also  the 
volumes  of  hydrogen  adsorbed  and  the  sizes  of  the  platinum  crystallites  are  consistent  enough 
with  electron  micrographs  of  the  samples  to  suggest  that  surface  migration  of  hydrogen  is  not  an 
important  factor  with  this  substrate. 


(IH)  A.  J.  Robell,  E.  V.  Ballou  and  M.  J.  Boudart.  J.  Phys.  Chem.  68,  9  (1964). 
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4,  c.  1.  3  Conclasions 

Ruthenium  has  the  unique  property  among  the  platinum  metals  of  promoting  the  cata* 
lytic  activity  of  other  metals  of  the  group  when  combined  in  alloy  form.  Thus  the  dehydi’ogenation 
activities  of  the  alloys  Pt-Ru,  Ir-Ru  and  Pd-Ru,  as  measured  by  the  rale  of  methane-deuterium 
exchange,  are  greater  than  pure  platinum  over  certain  composition  ranges.  It  is  to  be  expected 
that  the  activity  of  these  alloys  in  hydrocarbon  fuel  cells  would  show  s  milar  trends. 

Results  of  a  study  of  the  adsorption  and  decomposition  of  butanes  on  platinum  black 
show  that  n-butane  generally  cracked  more  easily  than  the  branched  chain  isomer,  but  both  were 
less  stable  than  propane  under  the  same  conditions.  The  rates  of  decomposition  werv  generally 
determined  by  the  kinetics  of  removal  of  residual  carbonaceous  material,  the  strength  of  binding 
of  which  to  the  metal  surface  generally  increased  with  the  molecular  weight  of  the  hydrocarbon, 

A  high  degree  of  metallic  dispersion  can  be  obtained  for  platinum  supported  on  boron 
carbide.  The  effective  area  of  the  platinum  approaches  150  m^/g  with  samples  containing  0.  5 
wt.  %  Pt,  but  the  metal  area  decreases  with  increasing  platinum  content  as  the  metallic  crystal¬ 
lites  grow  in  size.  The  catalytic  activity  as  measured  both  by  methane-deuterium  exchange  and 
by  fuel  cell  performance  seems  to  be  a  function  of  total  platinum  effective  area. 

4.2.2  Platinum  Activated  Boron  Carbides  (Dr.  Grubb/ J.G.  Lucas /R.M.  Hadsell) 

Data  in  the  preceding  report  of  this  series  indicated  that  platinum  activated,  boron 
carbide,  Tei'lon-bonded  electrodes  are  promising  for  acid  or  alkaline  electrolyte  hydrogen- 
oxygen  cells  at  room  temperature.  Such  electrodes  prepared  by  the  standard  procedure  (1) 
were  found  to  be  unsuitable  for  high  temperature  operation  because  they  delaminated,  i,  e.  ,  the 
Teflon-bonded  catalyst  layers  blistered  and  broke  away  from  the  supporting  screen.  When  the 
blisters  ruptured,  massive  leakage  of  electrolyte  through  the  electrode  occurred,  and  it  became 
useless  for  further  operation.  Previous  work  was  confined  to  activation  at  a  very  small  platinum 
content  only  1/2  percent  of  the  boron  carbide  by  weight.  For  unknown  reasons,  the  delamination 
of  the  structure  seemed  to  be  aggravated  by  tne  incorporation  of  larger  amounts  of  platinum. 

This  problem  was  therefore  a  serious  obstacle  to  be  solved  before  boron  carbide  electrodes  could 
be  successfully  evaluated  on  hydrocarbons. 

A  series  of  electrodes  was  investigated  using  the  standard  technique  of  preparation  at 
the  0.  5  wt.  %  platinum  loading  in  order  to  optimize  some  of  the  variables  of  the  catalyst  prepara¬ 
tion  and  some  of  the  electrode  composition  variables.  Following  this  series  of  runs,  the  delamin- 
atio  1  problem  was  solved,  and  the  results  obtained  in  hydrogen-oxygen  cells  on  boron  carbide 
electrodes  of  various  platinum  contents  are  reported. 

(1)  Saturated  Hydrocarbon  Fuel  Cell  Program,  "A  New  High  Performance  Fuel  Cell  Employing 
Conclucting-Porous-Teflon  Electrodes  (Niedrach- Alford)  and  Liquid  Electrolytes"  Contract 
No.  DA  44-009- AMC-479(T),  ARPA  Order  Number  247,  Project  No.  P4980. 
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Initial  performance  data  for  propane  in  H3PO4  cells  at  loO'^C  are  presented.  They  indi¬ 
cate  that  the  platinum  supported  on  boron  carbide  is  up  to  10  times  as  effective  In  promoting  the 
electro-oxidation  of  propane  as  the  commercial  platinum  black  used  in  our  standard  electrodes. 
Since  these  are  initial  results,  further  improvemeri  may  be  possible. 

4.Z.Z.1  Survey  of  Variables  With  Standard  Electrodes 

A  survey  of  variables  was  carried  out  using  electrodes  prepareo  by  the  standard  pro¬ 
cedure.  The  electrodes  were  prepared  from  boron  carbide  activated  with  C.  5  weight  pc  cent 
platinum  and  tested  on  hydrogen  and  oxygen  at  room  temperature.  The  variables  evaluated  were: 

1)  the  source  and  mesh  size  of  boron  carbide  powder; 

Z)  various  pretreatments  of  the  boron  carbide; 

3)  the  platinum  salt  used  for  .activation; 

4)  hydrogen  reduction  variables; 

5)  electrode  pressing  variables  such  as  time,  temperature,  and  press  force. 

The  range  of  performance  of  these  electrodes  on  hydrogen  or  oxygen  in  6N  sulfuric 

acid  or  5N  potassium  hydroxide  electrolyte  at  room  temperature  are  presented  in  Figs.  8Z 
through  85.  Electrode  #57  exceeds  the  performance  of  the  best  electrode  (#28)  of  the  p~evious 
report  (2),  and  the  worst  electrodes  in  the  survey  are  much  worse  than  #28.  The  same  elec¬ 
trode,  #57,  is  best  under  4  different  conditions  and  electrode  #39  was  ivorst  for  3  out  of  4  condi¬ 
tions.  The  two  worst  electrodes  were  both  prepared  using  solutions  of  chloroplatinic  acid,  while 
#57  and  #28  were  from  boron  carbide  activated  with  a  solution  of  diammino  dinitrito  platinum. 
Several  electrodes  prepared  in  the  manner  of  #57  performed  almost  equally  well. 

This  survey  was  by  no  means  exhaustive.  Nevertheless,  the  very  good  performance  of 
electrode  #57  at  the  low  platinum  loading  of  0.  16  mg/cm’  indicates  that  the  program  of  running 
30  electrodes  under  4  different  cell  conditions  led  to  a  reasonable  degree  of  optimization  in  this 
very  complex  system. 

Residual  chloride  remained  in  the  electrodes  activated  with  chloroplatinic  acid  even 
after  long  reduction  in  hydrogen  at  400°C  and  higher.  This  appears  to  have  a  detrimental  effect 
on  electrocatalytic  activity  in  this  system. 

The  resistivities  of  boron  carbide  powders  varied  widely  among  different  sources  and 
the  activation  with  platinum  had  some  effect  on  this  parameter.  A  device  for  measuring  the  pow¬ 
der  resistivities  and  some  resistivity  data  are  presented  in  Appendix  ‘’.2. 


(2)  Hydrocarbon- Air  Fuel  Cells,  Semi-Annual  Technicul  Summary  Report  No.  5,  pp.  4-29  — 
4-37.  ARP  A  Order  No.  247,  Contracts  No.  DA  44-009-ENG.4909.  DA  44-009- AMC-479(T) . 
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Fig.  82  Range  of  EaR  C.D,  for  Pt  Activated  B4C  Electrodes 
at  Pt  Loading  0.  16  mg/cm^  6N  H^04.  Room  Temp. 
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Fig.  83  Range  of  vs.  C.D.  for  Pt  Activated  B^C  Electrodes 
at  Pt  Loading  0. 16  mg/cm*  5N  KOH,  Room  Temp. 
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Fig.  84  Range  of  EcR  C.D.  for  Pt  Activated  B4C  Electrodes 
at  Pt  Loading  0.16  mg/cm^  6N  HgSQi,  Room  Temp. 
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4,  2,2,2  Re.'iults  with  Non-Delaminatin  g  Ei  ectrodes 


Avariation  in  the  electrode  preparation  procedure  {Appendix  S .2 . 1 .4)  prudut  ed  non- 
delatiiinating  electrodes  that  withstood  operation  at  elevated  temperatures .  These  were  evaluated 
at  several  plat  inum  loadings  ,  on  hydrogen  and  oxygen  at  room  temperature .  The  results  are  pre¬ 
sented  in  Figs, 86  through  89.  Fig.  86  shows  tha  the  platinum  activated  boron  carbide  electrodes  con¬ 
taining  area  platinum  loadings  0.  5  and  1.  1  mg/cm*  are  equivalent  to  average  or  better  than  av¬ 
erage  standard  platinum  electrodes  as  hydrogen  anodes  in  6N  sulfuric  acid.  Fig.  87  shows  that 
the  platinum  activated  boron  carbide  electrodes  containing  1.  1  and  2.2  mg/cm^  are  equivalent 
to  average,  or  better  than  average,  standard  platinum  electrodes  as  hydrogen  anodes  in  5N  KOH. 

It  further  appears  that  1.  I  and  2,2  mg/cm^of  platinum  give  essentially  the  same  result.  Such 
electrodes  may  be  limited  not  by  surface  reaction  rate  but  by  other  factors.  These  and  higher 
platinum  contents  should  be  evaluated  on  fuels  less  reactive  than  hydrogen  in  order  to  determine 
the  relative  effectiveness  of  the  surface  activation. 

Fig.  88  and  89  show  the  performance  of  electrodes  of  several  platinum  contents  as 
oxygen  cathodes  in  6N  sulfuric  acid  and  5N  potassium  hydroxide.  In  the  acid  electrolyte  perfor¬ 
mance  is  rather  markedly  affected  by  the  platinum  loading.  In  alkali,  the  platinum  loaa  .ng 
hardly  makes  any  difference  in  the  range  investigated.  It  will  be  recalled  that  the  boron  carbide 
itself  is  effective  as  an  electrocatalyst  for  oxygen  reduction  in  alkaline  systems  as  observed  in 
the  preceding  report. 

The  initial  perforrr.ance  results  with  propane  at  150°C  in  phosphoric  acid  arc  presented 

in  Fig.  90.  Performance  is  a  strong  function  of  platinum  loading  in  this  system,  and  the  current 

density  at  anode  vs  cathode  voltage  of  0.5  volts  is  approximately  linear  with  the  platinum  loading 

per  unit  area  as  shown  ia  Fig.  91.  It  is  of  particular  interest  to  note  that  the  current  density  at 

fi  s 

0.5  volts  for  a  platinum  loading  of  2  mg/cm*  is  10  ma/cm  and  that  for  a  standard  platinum 
electrode  it  is  about  20  ma/cm*  for  a  platinum  loading  of  45  mg/cm*.  Thus,  roughly  I/2d  of  the 
platinum  loading  gives  1/2  the  current  density  and  the  platinum  appears  to  be  about  ten  times  as 
effective  in  the  B4C  electrode.  However,  the  loads  on  the  platinum  activated  boron  carbide  elec¬ 
trodes  were  not  steady  at  values  of  cathode  vs  anode  voltage  below  about  0.4  volts.  This  is  un¬ 
expected  and  could  be  due  to  electrode  structure  e.fects.  The  load  performance  in  the  region 
indicated  by  the  curves  in  Fig.  90  was  however  quite  steady,  and,  for  example,  at  point  A  anode 
number  89  was  operated  for  2  hours  with  essentially  no  change  in  performance,  a  promising 
indication.  It  is  planned  to  continue  the  above  studies  to  higher  platinum  contents. 

Fig.  91  indicates  a  certain  "efficiency"  in  the  utilization  of  platinum  which  equals  about 
7  ma/mg  for  the  electrode  of  1.  1  mg/cm*  platinum  loading  for  a  propane-oxygen  cell  at  0.5  volts. 

A  straight  line  drawn  through  the  points  in  Fig.  91  indicates  a  slope  of  5  ma/mg.  Assumption  of 
linearity  up  to  high  platinum  loadings  would  suggest  a  very  high  performance  at  high  platinum  load¬ 
ings.  Five  ma/mg  of  platinum  for  prenane  current  at  150®C  and  at  0.5  volts  cell  potential  is  higher 
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Fig.  8b  EAP.  Vi.  C.D.  for  Pt  Activated  B4C  Electrodei 
ria,  6N  IIaS04,  Rooir.  Temp 
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than  that  obsorvi'd  witt,  olcitrodus  containing;  tiiui  h.inic  al  mixture  of  platinutii  black  with  tantalum. 
Previously  his  syster  s’iowod  abC'Ut  0.7  ina/mj;  of  platinum  for  propane  under  th.esc  sami-  condi¬ 
tions.  and  a  mechanical  mixture  of  platinum  black  with  boron  carbide  gave  similar  results  (S). 

Whether  we  can  expect  constant  high  effectiveness  of  the  platinum  at  higher  surface 
cov  erages  on  the  boron  carbide  brings  up  the  question  of  the  surface  state  of  the  platinum  in 
these  catalysts.  Some  information  along  this  1  le  has  been  provided  by  a  measurement  of  the 
platinum  surface  area  in  a  sample  of  boron  carbide  activate  ?  with  0.  5  wt.%  platinum  {catalyst  #14 
used  in  electrode  #57).  By  hydrogen  adsorption  {Section  4.2.  1)  a  surface  area  for  the  platinum  of 
149  square  meters  per  gram  was  determined.  This  is  equivalent  to  an  average  spherical  particle 
diameter  for  the  platinuiTi  of  about  lb  angstrom  units. 

Further  light  is  shed  on  the  surface  state  of  platinum  on  boron  carbidt  by  electron  mi¬ 
croscopy.  Fig.  92  shows  the  starting  boron  carbide  powder  used  in  all  of  the  electrodes  of  Figs. 
86-89  and  electrode  #57  of  Figs.  82-85.  This  material  obviously  possesses  a  wide  range  of 
particle  sizes  a  id  some  particles  which  are  transparent  to  the  electron  beam.  Since  the  X-ray 
diffraction  diagrams  of  this  material  showed  some  carbon  lines,  the  electron  transparent  par¬ 
ticles  may  be  wholly  or  partly  graphite.  It  has  been  reported  {4)  that  molten  boron  carbide  on 
the  carbon  rich  side  of  B4C  shows  the  separation  of  a  lamellar  graphite  phase  upon  cooling. 

Fig.  93  shows  a  higher  magnification  of  a  "transparent"  pan  le  from  the  boron  car¬ 
bide  substrate.  Fig.  94  is  a  higher  magnification  of  a  "transparent"  particle  from  a  boron  car¬ 
bide  sample  activated  with  4.8  wt.%  of  platinum  (catalyst  #19).  This  is  the  catalyst  used  in  the 
highly  activ  e  electrode  #87  of  Figs.  86-89.  The  pattern  of  fine  dots  seen  on  all  of  the  particles 
having  some  transparency  in  the  electron  micrographs  of  this  material  consists  of  small  plati¬ 
num  crystallites.  The  magnification  of  Fig.  94  is  100,000.  On  this  scale  \  mm  =  1000  Angstrom 
units.  The  size  of  the  small  dots  of  platinum  is  consistent  with  the  average  particle  diameter 
estimated  Irom  hydrogen  adsorption. 

The  degree  of  activation  of  boron  carbide  by  small  weight  percentagjs  of  platinum  is 
quite  phenomenal.  As  a  hydrogen  anode  in  6Nh'iS04,  unactivated  boron  carbide  produced  a  current 
density  of  about  0.04  ma/ciT>‘  at  60  millivolts  overvoltage.  With  only  0.  16mg/cm‘  of  platinum  the 
current  density  was  500  ma/cm^  at  60  millivolts  overvoltage.  This  10,000  fold  increase  at  such  a 
small  platinum  loading  is  in  part  due  to  the  high  degree  of  dispersion  of  the  platinum. 

Initial  platinum  area  measurements  {Section  4.2.  1)  appear  to  show  a  decrease  in  the 
specific  surface  area  of  the  platinum  as  its  weight  percentage  in  the  boron  carbide  catalyst  in¬ 
creases.  Probably  a  more  significant  parameter  would  De  the  w'eight  of  platinum  per  unit  boron 


(5)  Hydrocarbon- Air  Fuel  Cells,  Semi-Annual  Technicdi  Summary  Report  No.  4,  p.  5-59  {Fig. 
27).  ARHA  Order  No.  247,  Contract  No.  D A  44-009-ENG-4909. 

(4)  Adlas.sni,,  K.  Plansee  fur  Piilvermetailurgie  6  92-103  (1958). 
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carbide  surface  area  or  the  extent  of  surface  coverage  6.  It  is  of  interest  to  evaluate  the  ran^e 
of  8  covered  in  the  work  to  date. 

In  terms  of  equivalent  monolayers  of  platinum  atoms,  8p^_^,  it  is  given  by 

Wp^  ■  N  »  Apt _ 

®Pt-m  =  10*  •  Mp^  .  Sg  .  10* 

where 

Mpt  =  atomic  weight  of  platinum 

Wp(  =  weight  percent  of  platinum  in  BuC  catalyst 

N  =  Avogadro's  number 

Ap^  =  area  occupied  by  a  surface  platinum  atom  in  cm* 

53  ■■  surface  area  of  boron  carbide  in  square  meters/gm 

Using  Ap^  =  10“^®  cm* and  the  measured  value  S£  =  11.9,  6Pt-m  =0.^6  Wp^ 

The  catalysts  evaluated  to  date  have  covered  a  range  from  0.  5  to  9.  1  weight  percent  of 
platinum  or  from  0.  13  to  2. 4  equivalent  monolayers  on  the  boron  carbide  surface.  It  is  probably 
desirable  to  keep  6  as  low  as  possible  in  order  to  maintain  the  highest  effective  platinum  area. 

For  a  given  loading  of  platinum  per  unit  geometric  electrode  area,  this  can  be  accomplished  by 
either  increasing  S3,  which  may  be  difficult,  or  by  increasing  the  electrode  thickness.  In  a 
thicker  electrode  the  amount  of  boron  carbide  is  greater  and  for  given  weight  of  Pt  per  unit  of 
electrode  area  9  or  Wp^  is  lower.  The  latter  approach  is  experimentally  easier,  but  both  factors 
must  be  considered  since  the  thickness  of  the  electrode  has  been  shovm  by  other  fuel  cell  inves- 
tigators  (5)  to  influence  the  effectiveness  of  the  platinum.  At  higher  values  of  Wp^  and  9  the 
conditions  of  hydrogen  reduction  used  in  preparing  the  catalyst  are  expected  to  be  more  critical 
with  respect  to  their  influence  on  the  effective  area  of  the  platinum.  Further  exploration  of  these 
factors  may  lead  to  improved  performance. 

For  the  purpose  of  correlating  the  measurements  (Section  4.2.  1)  on  various  catalyst 
powders  with  the  results  obtained  in  fuel  cell  electrodes.  Table  XXIII  shows  the  various  electrode 
numbers  for  which  data  are  reported,  the  catalyst  preparation  used,  the  weight  percentage  of 
platinum  in  the  catalyst,  and  the  area  platinum  loading  in  the  electrode. 


(5)  Esso  Research  and  Engineering  Co.  Hydrocarbon- Air  Fuel  Cell  Report  #5,  p.  20.  ARPA 
Order  No.  247,  Contract  No.  DA  36-039- AMC -037  43(E). 
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TABLE  XXm 


Correlation  of  the  Measurements  on  Various  Catalyst  Powders  With  the  Results 


Obtained  in  Fuel  Cell  Electrodes 

Electrode  Catalyst  Preparation  Wt.%of  Pt 

_ # _  _ _ # _ in  Catalyst 


Area  Loading  of  Pt 
in  Electrode  (mg/cm‘) 


28 

2 

39 

3 

40 

4 

57 

14 

>35 

21 

86 

21 

87 

19 

89 

20 

0.  5 

0.  16 

0.  5 

0.16 

0.  5 

0.  16 

0.  5 

0.  16 

2.0 

0. 45 

2.0 

0.48 

4.8 

1.  1 

9.  1 

2.  2 

4. 2.  2.  3  Conclusions 

Platinum  activated  boron  carbide  electrocatalysts  continue  to  look  promising  for  fuel 
cell  electrodes.  A  previous  difficulty  in  the  electrode  structure  that  caused  failure  at  elevated 
temperatures  and  at  increased  platinum  loadings  has  been  solved.  Electrodes  were  evaluated  on 
hydrogen  and  oxygen  at  room  temperature,  and  propane  at  150®C,  as  a  function  of  platinum  con¬ 
tent.  At  low  percentages  by  weight,  the  platinum  on  boron  carbide  is  up  to  10  times  as  effective 
as  a  commercial  platinum  black  in  the  anodic  oxidation  of  propane  based  on  current  density  at 
0.  3  volts  cell  potential.  A  hydrogen  anode  in  sulfuric  acid  containing  0.  16  mg  of  platinum  cata¬ 
lyst  per  square  centimeter  produced  500  ma/cm^  at  an  overvoltage  of  60  millivolts.  Both  elec¬ 
tron  micrographs  and  hydrogen  adsorption  measurennents  show  that  the  platinum  is  in  a  highly 
dispersed  state  on  the  boron  carbide  surface.  Average  spherical  particle  diameter  is  16  Angstrom 
units  for  a  0.  5  wt.  %  platinum  catalyst  based  on  hydrogen  adsorption  measurements.  The  appar¬ 
ent  platinum  particle  size  in  electron  microscope  pictures  is  consistent  with  this  number. 


4,2.3  Platinum  Activated  Tantalum  (L.  W.  Niedrach/M.  Tochner) 

Work  has  been  continued  on  reducing  the  platinum  content  in  the  electrodss  ox  Niedrach 
and  Alford  (l)  with  the  aid  of  finely  divided  tantalum.  Previously  the  platinum  content  was  reduced 
by  dilution  with  tantalum  powder  in  the  form  of  a  physical  mixture  (2,3).  Because  it  has  become 
evident  that  this  approach  results  in  general  loss  of  performance  as  the  platinum  content  is  low¬ 
ered,  work  during  the  present  period  has  been  concentrated  on  the  use  of  the  tantalum  as  a 


(1)  L.  W.  Niedrach  and  H.  R.  Alford,  Saturated  Hydrocarbon  Fuel  Cell  Program:  A  New  High 
Performance  Fuel  Ceil  Employing  Conducting  Porous-Teflon  Electrodes  and  Liquid  Electro¬ 
lytes,  Contract  DA-44-009- AMC-479(T). 

(2)  Technical  Summary  Report  No.  4  "Saturated  Hydrocarbon  Fuel  Cell  Program",  1  July  - 
31  Dec.  1963,  Contract  No,  DA44-009 -ENG-4909,  p.  5-47. 

(3)  Technical  Summary  Report  No.  5  "Hydrocarbon- Air  Fuel  Cells",  1  January  1964  -  30  June 
1964.  Contract  Nos.  DA  44-009-ENG-4909  and  DA  44-009-AMC-479(T),  p.  4-113, 
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support  for  the  platinum  catalyst.  In  this  way  it  was  hoped  that  a  higher  specific  activity  would 
be  realized  for  the  platinum.  In  conjunction  with  this  approach  continuing  effort  was  devoted  to 
further  reducing  the  particle  size  of  the  tantalum  powder  in  order  to  improve  the  electrode  struc¬ 
ture. 

Modifications  of  milling  techniques  (5.2.2  Appendix)  have  yielded  a  high  surface  area 
tantalum  powder  (8.0  m  /g)  which  is  easily  fabricated  into  electrodes  by  the  standard  techniques 
for  the  Niedrach- Alford  Teflon-bonded  electrode.  It  was  found  that  1.0  g  of  the  material  was 
sufficient  to  obtain  a  satisfactory  structure.  This  is  a  considerable  improvement  over  the  2.0  g 
necessary  with  some  of  the  earlier,  coarser  materials. 

The  high  area  tantalum  powder  was  activated  with  platinum  by  hydrogen  reduction  (9  to 
12  hrs.  at  400°C)  of  platinum  salts  as  previously  described  for  the  activation  of  boron  carbide  (4). 
Two  different  salts  were  used  Pt(NH3)2(  1402)2  ?nd  PtCI*.  Table  XXIV  summarizes  information 
concerning  the  platinizations  and  the  compositions  of  the  electrodes  prepared  from  the  materials. 
All  of  the  electrodes  contained  a  total  of  1.0  g  catalyst  spread  uniformly  over  an  area  of  17.7 

TABLE  XXIV 
Electrode  Compositions 

1 . 0  gm  catalyst/  17.7  cm^area;  1.6  mg  Teflon /cm*'  film  on  gas  side 


Electrode  # 


Source  of  Pi 


Pt  content  per  ^  <  a 

•  Quantity  of  Pt/cm 

am  Ta  ‘ - 


T-30  Binder 
cc/g  Catalyst 


646 

Pt(NH3)2(N02)2 

22.4  mg 

1. 3  mg 

.06 

647 

tl 

22.4 

1. 3  mg 

.06 

648 

•1 

22.4 

1. 3  mg 

.  10 

649 

tl 

22.4 

1. 3  mg 

.  14 

655 

(1 

67.8 

3. 8  mg 

.08 

657 

ft 

7.5 

0.  4  mg 

.06 

663 

Pt  CI4 

67.8 

3. 8  mg 

.08 

3.  1 

Performance  of  Electrodes 

with  Platini 

zed  Tantalum  as  Anodes 

The  effect  of  the  ratio  of  T-30  binder  to  catalyst  was  first  examined  with  electrodes 
647-9  to  attempt  to  optimize  the  structure.  Fig.  95  shows  polarization  curves  obtained  with 
these  electrodes  serving  as  hydrogen  anodes  in  5N  H^SO^  cells  at  25°C.  Standard  platinum  black 
electrodes  (34  mg /cm*)  were  utilized  for  the  counter  electrodes.  The  intermediate  T-30  bonding 
appears  to  provide  the  best  structure.  This  series  of  experiments  was  used  as  a  guide  for  the 
production  of  subsequent  electrodes. 

Fig.  96  contains  a  series  of  polarization  curves  obtained  with  5N  HaSQt  at  25®C  for 
electrodes  with  different  quantities  of  platinum  on  the  high  area  tantalum  powder.  As  hydrogen 
anodes,  the  electrodes  with  3.8  mg  Pt/cm^  showed  performances  typical  of  a  standard  platinum 


(4)  Ibid.  p.  4-30 
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Performance  of  Platinized  Tantalum  Electrodes  as  Hg  Anodes. 
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(34  Pt/i'tn  )  electrode.  Little  difference  is  observed  between  the  two  catalysts  platinized  with 
the  different  sal.:.  The  electrodes  with  lower  quantities  of  platinum  yielded  substandard  perfor¬ 
mance. 


Electrode  663  with  3.8  mg  Ft/cm‘‘  was  run  on  hydrogen  with  85%  H3PO4  at  ISO’C  with  a 
s'andard  platinum  electrode  as  the  oxygen  cathode.  Here  again,  the  performance  was  comparable 
with  that  of  a  standard  platinum  anode.  These  data  reflect  the  high  exchange  current  of  hydrogen 
on  platinum  and  provide  further  indication  that  the  platinum  content  of  a  standard  electrode 
(34  rng/cm^)  is  in  excess  of  that  required  for  a  hydrogen  anode. 

With  propane  on  electi  'de  663  n  85  percent  HgPO^  at  159°C  the  performance  was  poorer 
than  that  of  a  standard  electrode,  but  comparable  with  that  previously  reported  for  similar  mix¬ 
tures  of  platinum  with  tantalum  (2). 

4.  2.  3.  2  Performance  of  Electrodes  with  Platinized  Ta  as  Cathodes 

In  the  room  temperature  work  with  5N  HgSO^  at  25°C  the  electrodes  with  1.3  mg 
Pt/  cm^  and  less  polarized  markedly  almost  immediately.  Even  at  1  ma/cm®  strong  polarization 
was  observed.  Fig.  97  shows  the  polarization  curves  for  electrodes  655  and  663,  both  with 
3.8  mg  Pt/cm^,  on  oxygen  vs.  a  standard  platinum  hydrogen  anode.  Electrode  663,  the  best  of 
the  series,  was  also  run  with  oxygen  at  150°C  with  an  85  percent  HgPO^  electrolyte.  The  IR  free 


3 

M 


Fig.  97  Performance  of  Platinized  Tantalum  Electrodes  ac  Oj  Cathodes. 


(2)  Technical  Sumniary  Report  No.  4  "Saturated  Hydrocarbon  Fuel  Cell  Program",  1  July  - 
il  Dec.  1963,  Contract  No.  DA  44-009-ENG.4909,  p.  4-113. 
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voltage  was  0.85  v  at  2  ma/cm®.  All  of  the  performances  with  oxygen  were  comparable  with 
those  previously  reported  for  similar  mixture*  of  platinum  with  tantalum  (2);  that  is,  the  pel 
formance  was  approximately  proportional  to  the  platinum  content  of  the  electrode. 

4.  2.  3.  3  Conclusions 

Although  electrodes  fabricated  with  the  platinized  tantalum  performed  successfully  as 
hydrogen  anodes,  they  have  been  substandard  on  propane  and  oxygen.  The  platinized  material 
has  not  shown  an  improvement  over  that  of  the  comparable  mixtures  of  platinum  black  vdth  tan¬ 
talum.  In  view  of  these  results,  the  extensive  processing  that  must  be  undertaken  to  obtain  a 
high  area  tantalum  powder  for  such  electrodes,  and  the  fact  that  more  encouraging  results  have 
oeen  fortneorning  with  boron  carbide,  the  work  with  tantalum  will  be  discontinued. 

4.2.4  Staljility  of  Electrr catalysts  in  Fluoride  Electrolytes  (E.  J.  Cairns) 

The  electrocatalyst  stability  tests  have  continued,  with  emphasis  on  potentiostatic 
anodic  corrosion  tests  in  fluoride  electrolytes. 

4.2.4.  1  Experimental 

The  general  layout  of  the  apparatus  was  shown  in  Fig.  41  of  (1).  Some  changes  in  the 
circuitry  have  been  made  and  the  new  circuit  is  shown  in  Fig.  98.  It  is  now  possible  to  have  the 
potentiostat  follow  a  desired  voltage  program  from  the  function  generator,  and  record  the  current- 
voltage  trace  Oii  an  X-Y  plotter.  This  results  in  a  more  rapid  comparison  of  results  for  various 
test  electrodes. 

Some  modifications  have  been  made  in  the  electrochemical  cell.  The  new  version  is 
shown  in  Figs.  99a  and  b.  A Luggin  capillary  is  now  used,  giving  better  anode  vs.  reference 
readings  (minimizing  the  IR  component)  and  protecting  the  reference  electrode  from  dissolved 
metal  cations.  The  cathode  is  now  enclosed,  preventing  hydrogen  access  to  the  test  electrode. 
Electrolyte  volume  has  been  minimized.  > 

Steady-state  (point-by-point)  and  voltage  sweep  experiments  have  been  performed  in 
order  to  obtain  the  current  density-voltage  relationships  for  the  test  materials  under  an  argon 
atmosphere  in  37  mole  %  HF  at  various  temperatures. 


(1)  Semi- Annual  Technical  Summary  Report  No.  ?,  January  1  -  June  30,  1964,  ARPA  Order 
No.  247,  Contract  Nos.  DA  44-009-ENG-4909  and  DA  44-009-AMC-479(T). 
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4.  2. 4. 2  Results  and  Discussion 

c 

The  results  in  Fig.  43  o[  (1)  were  reported  incorrectly  due  to  typographical  errors  on 
,  the  abscissa.  The  corrected  presentation  is  shown  in  Fig.  100.  Platinum,  gold,  and  gold- 

palladium  alloys  rich  in  gold  are  very  stable  in  the  HF  azeotrope  at  110°C.  Very  low  current 
I  densities  due  to  possible  oxidation  are  found  at  all  potentials  up  to  oxygen  evolution  (above  1.  5 

,  volts  vs.  hydrogen  reference).  Silver  is  suitable  up  to  about  0.4  volt. 

I  Fig.  101  shows  some  results  of  anodic  corrosion  tests  in  36  mole  %  HF  with  some  of 

the  less  noble  metals.  Molybdenum  is  anodically  attacked  at  appreciable  rates  at  potentials  (vs. 
hydrogen  reference)  above  0.  15  volt  at  90'’C .  Tungsten  corrodes  very  slowly  at  potentials  below 
J  0.  35  volt  at  80°C.  This  result  is  reasonably  encouraging  with  respect  to  the  possibility  of  using 

tungsten  or  a  ti.ngsten  alloy  at  low  potentials  (vs.  hydrogen  reference)  in  a  fluoride  electrolyte. 

Room  temperature  anodic  corrosion  results  are  shown  in  Fig.  102.  Nickel  corrodes 
rapidly  at  potentials  above  0.  1  volt  in  37  moie  %  HF.  Agrin,  the  tungsten  results  are  favorable 
at  potentials  below  about  0.  32  volt  vs.  hydrogen  refer""  ..e. 
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Fig.  99  Details  of  Electrochemical  Cell  for  Potentiostatic  Corrosion  Studies 
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Fig.  100  Current'Potentia.1  Curvet  for  Anodic  Corrosion  of  Various  Materials 

at  llO^’C  in  HF  under  Argon 


Fig.  101  Current-Potential  Curves  for  Anodic  Corrosion  of  Tungsten  at  80®C 
and  Molybdenum  at  90®C  in  HF  under  Argon 


10"'  10"*  10"*  10"*  10“'  10"*  10"'  I 

Fig.  102  Current-Potential  Curves  for  Anodic  Corrosion  of  Tungsten 
and  Nickel  at  25®C  in  HF  under  Argon 

4. 2. 4.  5  Conclus.'ons 

Potentiostatic  corrosion  tests  in  the  HF-H;^0  azeotrope  at  temperatures  up  to  1 10°C 
have  shown  that  platinum,  gold,  and  80%  gold-20%  palladium  alloy  have  excellent  stability  over 
the  potential  range  0.0  to  2.0  volts  vs.  reversible  hydrogen.  Silver  and  tungsten  shov/  reasonable 
stability  in  the  range  0.0  to  0.  35  volt  vs.  reversible  hydrogen. 

4.2.5  Evaluation  of  Alloy  Electrocatalyat  (D.  W.  McKee/L.  Niedrach) 

Previously  reported  data  on  hydrocarbon  exchange  reactions  has  indicated  that  several 
combinations  of  noble  metals  possess  catalytic  activity  which  rival  that  of  pure  platinum.  As  fuel 
cell  data  is  non-existent  for  many  of  these  potentially  useful  alloy  systems,  a  pr;>gram  is  under 
way  to  test  these  materials  in  a  standard  propane-85%  HaPO^-oxygen  cell.  The  catalyst  samples 
prepared  for  study  by  means  of  gas  phase  techniques  had  generally  been  reduced  in  hydrogen  at 
300-350°  for  several  hours.  This  treatment  had  sintered  the  sample.*  to  surface  areas  of  3-10 
m‘lg  and  the  residues  were  often  granular  in  texture.  Considere.ole  difficulties  were  experienced 
in  preparing  satisfactory  electrodes  with  these  materials  and  the  proportion  of  teflon  in  the 
spreads  often  had  to  be  increased  over  that  required  for  a  platinum  black  electrode.  Fig.  103 
shows  typical  polarization  curves  for  commercial  propane  at  two  temperatures  for  an  electrode 
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Fig.  103  Performance  Curves  at  165°  and  195°C,  Anode  —  50.9%R-h-Ru, 
Commercial  Propane.  Cathode  —  Pt,  Og.  85%  HjP04. 

containing  50.9%  rhodium-ruthenium  alloy.  The  cathode  vs.  anode  voltage  was  obtained  with  a 
Kordesch-Marko  Bridge  arrangement  in  the  usual  way.  Also  included  in  the  figure  is  a  polarisa¬ 
tion  curve  obtained  with  a  platinum  sample  prepared  by  the  same  method  and  possessing  about 
the  same  low  surface  area.  Although  the  current  densities  obtained  with  this  electrode  were  low, 
substantial  improvement  would  be  expected  with  increase  in  surface  area  of  the  alloy. 

In  attempting  to  either  enhance  the  activity  or  find  an  effective  substitute  for  platinum 


in  the  hydrocarbon  fuel  cell,  increased  attention  will  be  given  to  methods  of  preparing  high  surface 


area  alloy  catalysts.  Promising  alloy  combinations  will  be  given  a  preliminary  corrosion  test  in 


sulfuric  acid  to  eliminate  materials  which  are  obviously  too  reactive.  Electrochemical  and  gas 


phase  reactivity  tests  will  be  used  to  evaluate  the  catalysts  before  fuel  cell  performance  data  is 
a  obtained.  Attention  will  he  paid  to  both  noble  metal  alloys  and  to  base  metal  combinations  con- 
y  taining  no  platinoid  elements. 


f 


ELECTROLYTE  RESEARCH 


■4.  3 

The  electrolyte  research  area  is  concerned  with  obtaining  physical  property  oata  nece.s- 
sar  -  -o  interpret  electrolyte  behavior  in  fuel  cell  systems.  Research  effort  was  concentrc'.ted  in 
t'vo  areas;  the  development  of  techniques  for  mcar'iring  ?;ydrocarbon  and  oxygen  solubilities  in 
electrolytes,  and  the  measurement  of  the  more  important  propc  ties  of  electrolyte  systems,  as 
*'  ey  relate  to  the  hydrocarbon-air  fuel  cell  t./iviroiiment. 

4.3.1  Sclubility  Measurements  (J.  Payntar/D.  MacDonald) 

Hydrocarbon  and  oxygen  solubilities  in  electrolytes  are  needed  for  the  understanding  of 
transport  processes  at  hydrocarbon  fuel  cell  electrodes  and  will  influence  the  choice  of  fuel  cell 
operating  conditions.  Althougi  solubility  d  ta  exist  for  hydrocarbons  in  dilute  (<5N)  HaSO^  and 
H3PO4  between  20° C  and  80°C  (1)  and  for  oxygen  in  0  -  90  wt  %  KOH,  H^SO*,  and  H3PO4  at  2  5°C 
and  -  30° C  (2),  no  m.eaourements  at  the  higher  temperatures  and  concentrations  of  interest  to  fuel 
cel!  work  (up  to  200°C,  100%  electrolyte;  have  been  reported.  A  dynamic  and  a  static  technique 
for  making  these  measurements  are  described  in  this  section.  The  solubilities  of  propane,  octane, 
and  oxygen  in  concentrated  H3PO4  have  been  measured  during  the  present  period. 

4.  3.  i.  1  Dyr  amic  Method  for  Solubility  Measurements 

Development  of  a  gas  solubility  tech  ■  ie  bas'-d  on  a  multi -rotating  dit‘.t  contactor  con¬ 
tinued  during  the  current  reporting  period.  Mass  transfer  characteristics  of  the  stripper  were 
sbidied  in  an  effort  to  optimize  gas-liquid  contacting  conditions.  Accuracy  and  precision  were 
tesited  at  /oom  temperature  with  oxygen  in  water  and  in  phosphoric  acid.  The  contactor  and  as¬ 
sociated  apparatus  were  modified  for  use  at  elevated  temperatures.  Data  gathering  for  propane 
and  oxygen  in  concentrated  phosphoric  acid  between  room  temperature  and  150°C  has  begun. 

A.  Experl.nental 

A  block  diagram  of  the  apparatus  used  for  room  temperature  studies  is  given  in 
Fig.  104.  Essential  features  of  the  Lucite  gas -liquid  contactor  were  described  in  the  previous 
Technical  Summary  Report.  (3).  Gas  detection  is  carried  out  with  a  Carle  Model  100  thermal 
conductivity  cell  and  bridge  therrnostated  in  a  water  bath  at  36.0  ±  0.  1°C  and  an  L  and  N  Imv. 
full  scale  recorder.  Bubblers  are  used  to  presaturate  gases  with  water  vapor.  The  bubbles  i>i 


(1)  Cailfu.’-nia  Research  Corporation,  Progress  Reports  Nos.  9,  10,  and  12,  HDL  and  ARPA. 
Contract  No.  DA-49 -186-ORD-929. 

(2)  K.  E,  Gubbins  and  R.  P.  Walker,  Jr.,  "The  Solubility  and  iJ^tiusivity  of  Oxygen  in  Fuel  Cell 
Electrolytes,"  Electrochemical  Society  Meeting,  'W'ashingtGn.  D,  C.  ,  Oct.,  1964. 

(3)  Technical  Summary  Report  No.  5,  Jan.  1-June  30,  1964,  Crntracte  No.  DA44-009-ENG- 
4909  and  No.  DA44-009-AMC-479  (T). 
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the  carrier  gas  system  contain  glass  fr'ts  -pacially  selected  to  produce  bubbles  of  small  and  uni¬ 
form  size  to  minimize  flow  noise.  A  needle  valve  between  contactor  and  sample  side  of  the 
I  detector  serves  to  further  reduce  flow  noise  by  introducing  a  small  back  pressure  in  the  system. 

1  D''ier;te  is  used  to  remo'^e  w'ater  vapor  from  the  gas  stream  prior  to  detection. 

I  Following  an  initial  sweeping  of  the  system  with  He  and  with  disks  rotating,  stopcocks 

i  "A",  "E",  and  "C"  are  turned  so  that  the  gas  under  study  flows  through  the  contactor  and  is 
j  vented  to  the  atmosphere,  while  He  cc,ntinues  to  flow  through  the  detector.  Disk  rotation  is  then 
I  stopped  and  He*  is  allowed  to  sv'eep  out  the  system  until  the  recorder  trace  remains  unchanged 
wi'.h  tim“  at  the  sensitivity  to  be  usetl  to  record  the  stripping  curve.  The  disks  are  then  set  in 
motion  and  recording  continued  until  the  trace  again  becomes  constant.  The  apparatus  is  cali¬ 
brated  by  introducing  known  amounts  of  gas  with  a  gas-tight  syringe  at  the  sample  injection  port 
between  bubblers  and  contractor.  Areas  are  measured  with  a  planimeter. 

Fig.  105  gives  £  schematic  diagram  of  the  apparatus  modified  for  use  at  elevated 
temperatures.  The  arrangement  of  magnets,  preheater  coil,  contactors  and  drying  tubes  in  the 
oven  is  shown  iri  Fig.  106.  The  apparatus  differs  from  the  previous  one  in  the  following  respects: 
gas  bubbler.s  are  replaced  with  a  second  multi-rotating  disk  contactor  to  reduce  flow  noise  to  an 
acceptable  level  for  the  low  solubilities,  and  thus,  high  detector  se.nsitivities  anticipated;  one 
presaturator  is  used  for  both  carrier  and  solute  gases  to  minimize  the  number  of  joints  and 
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fig.  105  Schematic  Diagram  of  Gas  Sulubility  Apparatus  for  Measurements  at  Elevated  Tem¬ 
peratures 


Fig.  106  Photograph  of  Contactors  and  Associated  Equipment  Arranged  in  Qven 
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manipulations  inside  the  oven:  the  d.  ying  tube  is  jacketed  and  kept  well  below  100*C  with  flowing 
water;  and  both  contactors  are  constructed  entirely  of  Teflon.  Fig.  107  shows  a  photograph  of  a 
disassembled  contactor.  The  Teflon  encased  magnet  is  enclosed  in  a  disk  to  eliminate  liquid 
splashing  by  the  magnet  and  to  increase  gas -liquid  contacting  area. 

Experimental  procedure  is  similar  to  that  described  previously  for  the  room  tempera¬ 
ture  method.  Only  differences  are  noted  here.  Contactors  and  electrolyte  are  heated  separately 
and  brought  to  oven  temperature  before  securing  metal  end  plates  and  Teflon  taper  joints.  After 
an  initial  degassing  with  He,  the  gaseous  phase  in  both  contactors  is  flushed  with  the  gas  under 
study  at  300-400  ml/min  for  approximately  10  minutes,  with  disks  not  rotating.  Solute  gas  flow 
is  then  reduced  to  10-20  ml/niin  to  ensure  presaturation  with  water  vapor  and  the  disks  in  both 
contactors  rotated  for  an  additional  10  minutes.  The  presaturator  disks  continue  to  rotate  during 
gaseous  phase  flushing  and  liquid  phase  stripping  with  He. 


B.  Results  and  Discussion 

In  the  interests  of  high  accuracy  and  economy  of  time,  it  is  desirable  to  inimize 
the  extent  of  tailing  of  the  stripping  curves.  In  principle,  carrier  gas  flow  rate,  numbei  of  disks, 
rotational  speed  and  liquid  volume  can  all  affect  the  form  of  the  curves.  For  the  purpose  of  ob¬ 
taining  a  reasonable  balance  between  optimum  and  practical  conditions,  a  study  of  the  effects  of 
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these  parameters  was  undertaken.  In  practice,  it  was  found  that  although  the  peak  height  and  the 
slope  of  the  ascending  portion  of  the  stripping  curves  vary  considerably,  only  the  carrier  gas 
flow  rate  exerts  a  significant  influence  on  the  extent  of  tailing  over  a  fairly  wide  range  of  these 
parameters . 

The  predominant  effect  of  increasing  liquid  volume  to  100  ml  (contactor  capacity  ~  160 
ml),  rotational  speed  above  200  rpm,  and  number  of  disks  above  six  is  to  increase  the  peak  height 
and  the  slope  of  the  ascending  portion  of  the  curves.  The  total  time  needed  to  obtain  a  stripping 
curve  decreases,  but  the  tails  can  be  superimposed  by  shifting  the  curves  on  the  time  axis.  Thus 
under  these  conlitions,  the  gas  is  removed  from  the  liquid  in  a  relatively  short  time  and  tailing  is 
due  primarily  to  poor  gaseous  phase  contacting  in  the  stripper. 

An  attempt  was  made  to  in.orove  gaseous  phase  mixing  by  introducing  multiple  gas  en¬ 
trance  and  exit  ports  (12  of  each)  between  the  disks  in  the  Lucite  contactor.  For  He  flow  rates 
greater  than  30  ml/min,  no  improvement  was  found.  Thus  at  higher  flow  rates,  mixing  is  op¬ 
timized  even  with  only  one  entrance  and  exit  port,  and  tailing  simply  reflects  the  time  needed  to 
displace  solute  gas  from  the  contactor. 

An  upper  limit  is  set  on  the  carrier  gas  flow  rate  for  two  reasons.  First,  sensitivity 
loss  because  of  dilution  at  higher  flow  rates  .may  be  sufficient  to  prohibit  the  making  of  some 
measurements.  Secondly,  the  sudden,  release  of  gas  at  the  start  of  stripping  brings  about  a  pres¬ 
sure  change  in  the  system  and  the  recorder  trace  may  not  return  to  the  original  baseline  before 
solute  gas  reaches  the  detector.  A  flow  rate  of  about  100  ml/min  was  found  to  yield  sufficient 
sensitivity  and  sufficient  time  for  baseline  recovery  without  producing  extensive  tailing. 

The  results  of  a  study  of  the  technique's  accuracy  and  precision  wi.fh  oxygen  in  0,  54 
and  85  wt  %  phosphoric  acid,  at  room  temperature,  are  given  in  Table  XXV.  A  typical  stripping 
curve  and  calibration  curve  are  shown  in  Fig.  108  and  109.  The  apparatus  shown  schematically 
in  Fig.  104  was  used. 

TABl.E  XXV 


Solubility  of  Oxygen  in  Phosphoric  Acid  at  Approximately  25'’C 


^  Wt.  %  H3PO4 

Measured  Solubility 
(millimoles/ liter  -  atms,  ) 

Literature  Value 

0 

1.245,  1.260,  1.240,1  1.249  ±  .011 

1.285  (24°C)* 

1.263  (25't)* 

1.238,  1.260  ^ 

1.242  (26®C)=i' 

54 

0.  543,  0.  542 

0. 55** 

L__i! _ 

0.275,  0.280,  0.277 

0.27** 

‘■'Obtainfd  from  Handbook  of  Chemistry  and  Physics,  43rd  Ed.,  The  Chemical  Rubber  Publishing 
Co.,  Cleveland,  Ohio,  1962,  p.  1706. 

’!*'!>F.stimated  from  a  graphical  presentation  in  Reference  (2). 
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manipulations  inside  the  oven;  the  drying  tube  is  jacketed  uiid  kept  well  below  100°C  with  flowing 
water;  and  both  contactors  are  constructed  entirely  of  Teflon.  Fig.  107  shows  a  photograph  of  a 
disassembled  contactor.  The  Teflon  encased  magnet  is  enclosed  in  a  disk  to  eliminate  liquid 
splashing  by  the  magnet  and  to  increase  gas -liquid  contacting  area. 

Experimental  procedure  is  similar  to  that  described  previously  for  the  room  tempera¬ 
ture  method.  Only  difierences  are  noted  here.  Contactors  and  electrolyte  are  heated  separately 
and  brought  to  oven  temperature  before  securing  metal  end  plates  and  Teflon  taper  joints.  After 
an  initial  degassing  with  He,  the  gaseous  phase  in  both  contactors  is  flushed  with  the  gas  under 
study  at  300-400  ml/min  for  approximately  10  minutes,  with  disks  not  rotating.  Solute  gas  flow 
is  then  reduced  to  10-20  ml/min  to  ensure  presaturation  with  water  vapor  and  the  disks  in  both 
contactors  rotated  for  an  additioni.1  10  minutes.  The  presaturator  disks  continue  to  rotate  during 
gaseous  phase  flushing  and  liquid  phase  stripping  with  He. 

B.  Results  and  Discussion 

In  the  interests  of  high  accuracy  and  economy  of  time,  it  is  desirable  to  minimize 
the  extent  of  tailing  oi  .2  stripping  curves.  In  principle,  carrier  gas  flow  rate,  number  of  disks, 
rotational  speed  and  liquid  volume  can  all  affect  the  form  of  the  curves.  For  the  purpose  of  ob¬ 
taining  a  reasonable  balance  between  optimum  and  practical  conditions,  a  study  of  the  effects  of 
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these  parameters  was  undertaken.  In  practice,  it  was  f^iund  that  although  the  peak  height  and  the 
slope  of  the  ascending  portion  of  the  stripping  curves  vary  considerably,  only  the  carrier  gas 
flow  rate  exerts  a  significant  influence  on  the  extent  of  tailing  over  a  fairly  wide  range  of  these 
parameters . 

The  predominant  effect  of  increasing  liquid  volume  to  IOC  ml  (contactor  capacity  ~  160 
ml),  rotational  speed  above  200  rpm,  and  number  of  disks  above  six  is  to  increase  the  peak  height 
and  the  slope  of  the  at  'ending  portion  of  the  curves.  The  total  time  needed  to  obtain  a  stripping 
curve  decreases,  but  the  tails  can  be  superimposed  by  shifting  the  curves  on  the  tirr*e  axis.  Thus 
under  these  conditions,  the  gas  i«  removed  from  the  liquid  in  a  relatively  short  time  and  tailing  is 
due  primarily  to  poor  gaseous  phase  contacting  in  the  stripper. 

An  attempt  was  made  to  improve  gaseous  phase  mixing  bv  introducing  multiple  gas  en¬ 
trance  and  exit  ports  (12  of  each)  between  the  disks  in  the  Lucite  contactor.  For  He  flow  rates 
greater  than  30  ml/min,  no  improvement  was  found.  Thus  at  higher  flow  rates,  mixing  is  op¬ 
timized  even  with  only  one  entrance  and  exit  port,  and  tailing  simply  reflects  the  time  needed  to 
displace  solute  gas  from  the  contactor. 

An  upper  limit  is  set  oi  the  carrier  gas  flow  rat*?  for  two  reasons.  First,  sensitivity 
loss  because  of  dilution  at  higher  flow  rates  may  be  sufficient  to  prohibit  the  making  of  some 
measurements.  Secondly,  the  sudden  release  of  gas  at  the  start  of  stripping  brings  about  a  pres¬ 
sure  change  in  the  system  and  the  recorder  trace  may  not  return  to  the  original  baseline  before 
solute  gas  reaches  the  detector.  A  flow  rate  of  about  100  ml/min  was  found  to  yield  sufficient 
sensitivity  and  sufficient  time  for  baseline  recovery  without  producing  extensive  tailing. 

The  results  of  a  study  of  the  technique’s  accuracy  and  precision  with  oxygen  in  0,  54 
and  85  wt  %  phosphoric  acid,  at  room  temperature,  are  given  in  Table  XXV.  A  typical  stripping 
curve  and  calibration  curve  are  shown  in  Fig.  108  and  109.  The  apparatus  shown  schematically 
in  Fig.  104  was  I'sed. 


TABLE  XXV 

Solubility  of  Oxygen  in  Phosphoric  Acid  at  Approximately  25°C 


1 

'  Wt.  %  H3PO,. 

Measured  Solubility 
(millimoles/ liter  -  atms.) 

— 

Literature  Value 

1 

\ 

1.240,1  1.  249  ±  .011 

1.285 

(24°C)* 

!  0 

1.  245,  1. 260, 

1.263 

(25“C)* 

1.238,  1.260 

1.242 

(26°C)* 

I 

0.543,  0.  542 

0. 55** 

L  _ , 

0.275,  0.280, 

— - - 

0.277 

0. 27** 

^-Obtained  from  Handbook  of  Che  nistry  and  Physics,  43rd  Ed.,  The  Chemical  Rubber  Publishing 
Co.,  Cleveland,  Ohio,  1962,  p.  1706. 

’J'^Estimated  from  a  graphical  presentation  in  Reference  (2), 
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Fig.  108  Typical  Stripping  and  Calibrations  Curves  for  Oxygen  in  Water  at  25®C 


Fig,  109  Calibration  of  Gas  Solubility  Apparatus  for  Oxygen 


4-173 


Precision  (<  1%  maximum  deviation  from  the  mean  for  oxygen  in  water)  and  accuracy 
under  the  experimental  conditions  are  good.  Some  uncertainty  exists  in  the  results  because  the 
liquid  temperature  during  saturation  was  not  known  exactly.  The  largest  uncertainty  is  due  to 
the  loss  of  solute  gas  while  sweeping  with  He  prior  to  rotating  the  disks.  The  magnitude  of  this 
uncertainty  was  estim.ated  by  varying  the  sweeping  time  in  successive  experiments.  Data  in 
Table  XXV  were  obtained  with  a  flushing  time  of  16  minutes  at  100  ml  He/min  (50  ml  of  liquid 
present).  The  baseline  was  essentially  flat  after  14-15  minutes.  It  was  found  that  increasing 
the  flushing  time  i.o  20  minutes  decreases  the  solubility  value  by  3.  5  percent.  The  percentage 
decrease  for  a  given  increase  in  flushing  time  is  reduced  by  more  than  one  half  when  the  liq^.  d 
volume  is  doubled.  Fortunately,  the  rate  of  loss  of  solute  gas  is  considerably  smaller  during  the 
initial  stage  of  sweeping,  since  an  appreciable  partial  pressure  of  solute  gas  is  maintained  above 
the  liquid.  Similar  studies  with  otlier  liquid  levels  and  He  flow  rates  indicate  that  overall  accu¬ 
racy  isbetter  than  ±5  percent  if  flushing  is  stopped  when  the  baseline  is  flat.  This  accuracy  is 
considered  adequate  for  the  uses  intended.  A  gain  in  accuracy  is  achieved  only  at  a  cost  of  a 
considerable  gain  in  complexity  of  the  apparatus  and  technique. 

Results  obtained  for  propane  and  oxygen  in  concentrated  phosphor'c  acid  during  the 
present  reporting  period  are  given  in  Table  XXVI.  These  data  were  obtained  with  the  apparatus 
shown  in  Figs.  105,  106,  and  107.  The  necessary  vapor  pressures  and  densities  were  obtained 
from  References  (4)  and  (5). 

The  results  for  propane  at  100°C  are  in  good  agreement  with  those  obtained  previously 
by  a  different  technique  (6)  and  as  shown  in  Fig.  110.  It  is  noteworthy  that  appreciable  propane 
and  oxygen  solubilities  (relative  to  the  room  temperature  values)  are  maintained  even  at  150  -  170®C. 
More  data  are  needed  to  clearly  distinguish  between  the  effect  of  temperature  and  the  effect  of 
composition  on  the  solubilities. 


*Fig,  110  is  a  corrected  version  of  Fig.  66  which  appeared  in  the  previous  Technical  Summary 
Report.  The  abscissa  was  incorrectly  shown  in  Fig,  66. 


(4)  Technical  Summary  Report  No.  4,  Part  2,  Task  I,  July  1  -  Dec.  31,  1963,  Contract  NO: 
DA44-009-ENG-4909,  ARPA  Order  No.  247,  Project  No,  8A72-13-001-506. 

(5)  Monsanto  Chemical  Co. ,  Technical  Bulletin  1-239. 

(6)  Technical  Summary  Report  No.  5  Jan.  1  -  June  30,  1964,  ARPA  Order  No.  247,  Contracts 
No.  DA44-009-ENG-4909  and  No.  DA44-009-AMC-479  (T). 
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Fig,  110  Solubility  of  Propane  in  Concentrated  Phoaphoric  Acid 


DIFFERENTIAL 

MANOMETER 


Fig.  Ill  Gas  Saturating  Apparatus 
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The  volume  of  the  system  was  measured,  and  used  to  calculate  approximate  volumes 
of  liquid  hydrocarbon  required  to  attain  desired  pressarea.  This  amount  of  solute  was  injected 
into  the  sample  flask  containing  the  acid  (prepared  by  dehydration  of  85%  acid).  Usually,  about 
20-30  cc  H3PO4  was  used,  and  lesi  than  1  cc  octane  was  introduced.  The  sample  flask  was  then 
connected  to  the  system,  and  all  air  was  removed  by  alternate  cooling  and  warming  of  the  sample 
flask  while  under  vacuum..  After  removal  of  air,  stopcock  "D"  on  the  differential  mercury  ma¬ 
nometer  was  closed  and  the  oven  turned  on.  The  increase  in  pressure  as  the  temperature  in¬ 
creased  was  balanced  by  applying  pressure  to  the  external  leg  of  the  differential  manometer. 

The  stirrer  was  turned  on,  and  the  system  allowed  to  come  to  equilibrium  (usually  16  hours  at 
temperature).  After  equilibration,  the  external  manometer  read  the  sum  of  the  water  vapv  r 
pressure  and  the  octane  vapor  pressure.  Since  the  water  vapor  pressures  had  previous.y  been 
measured  as  functions  of  composition  and  temperature  for  phosphoric  acid,  the  octane  partial 
pressure  was  obtained  by  difference.  *  The  sample  flask  was  then  dirconnected  while  hot  and  a 
portion  of  the  liquid  taken  by  syringe  for  analysis  of  dissolved  hydrocarbon,, 

The  apparatus  for  stripping  and  analysis  of  solute  is  shown  in  Fig.  112.  By  suitable 
valving,  the  solute  is  stripped  from  the  liquid  by  an  inert  gas  and  trapped  by  liquid  nitrogen.  It 
then  goes  to  a  chromatograph  with  hydrogen  flame  detector  for  analysis. 

In  practice,  with  valves  "A"  and  "B"  closed  and  "C',  "D",  and  "E"  open,  pre -heated 
helium  flows  through  the  heated  gas  stripping  cell  to  the  coil  immersed  in  liquid  nitrogen  and  then 
out  at  "C".  An  acid  sample  (usually  1.00  cc)  is  injected  through  the  rubber  septum  of  the  suipping 
cell  and  dissolved  hydrocarbon  is  removed  and  trapped  (stripping  usually  continued  for  30  minutes). 
Valves  "C"  and  "D"  are  then  closed  and  the  trap  warmed  up.  Valves  "A"  and  ".B"  are  then  opened, 
valve  "E"  closed,  and  the  heated  carrier  gas  flows  through  the  trap  to  the  chrom.atograph.  A 
column  (polyethylene  glycol  on  Teflon  T-6)  is  ufcjid  to  separate  water,  and  the  hydrocarbon  is  de¬ 
termined  with  a  hydrogen  flame  detector.  The  system  was  calibrated  with  octane  by  injection  of 
known  microliter  quantities.  Peak  areas  were  determined  with  a  disk  chart  integrator. 

Experimental  results  for  octane  solubility  in  phosphoric  acid  are  listed  in  Table  XXVII. 
Data  is  not  extensive  enough  to  permit  correlation  of  temperature  and  conceotradon  parameters. 
Either  poor  equilibration  with  vapor  or  analytical  problems  seem  to  cause  scattered  results  in 
this  static  method  for  solubilities. 


*Au  all-Teflon  manifold  (similar  to  the  glass  apparatus  used  for  the  determination  of  water  vapor  * 

pressures  over  phosphoric  acid)  has  been  constructed.  The  Teflon  system  has  the  corrosion  re-  | 

sistance  required  for  work  with  new  electrolytes.  | 

f 

s 

I 
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TABLE  XXVII 


Solubility  ol  Octane  in  Phoaohoric  Acid 


Temperature 

°C 

Partial  Pressure 
Octane 

H3  P0«  Solubility 
(millimoles /liter) 

130 

85.2 

100 

0.000557 

130 

85.2 

200 

0.000978 

130 

85.2 

300 

0. 00175 

130 

85.2 

400 

0.00182 

130 

85.4 

400 

0.00674 

130 

85.4 

400 

0. 00672 

130 

94.2 

664 

0. 00703 

130 

96.0 

100 

0.000127 

130 

96.0 

400 

0. 00275 

130 

96.0 

400 

0.00345 

140 

94.2 

62  5 

0.00651 

150 

93.  1 

435 

0.0165 

150 

93.  1 

437 

0.0131 

150 

93.  1 

437 

0.0271 

150 

93.  1 

440 

0.0118 

150 

93.4 

250 

0,00706 

160 

93.4 

357 

0.00755 

150 

94.2 

564 

0.00679 

150 

94.2 

564 

0.00511 

150 

95.4 

251 

0.00462 

150 

95.4 

421 

0,0175 

150 

95.4 

426 

0.0175 

170 

94.6 

400 

0.00308 

170 

94.6 

426 

0.000979 

170 

94.6 

430 

0.000761 

170 

94.6 

430 

0.000739 

4.3.  1.3  Concluaions 

The  solubilitiea  of  propane  and  oxygen  in  concentrated  phosphoric  acid  at  room  tempera¬ 
ture  are  apprcximatcly  1/8  and  1/5  respectively  of  their  values  in  water.  Over  the  r^nge  25-  170®C, 
the  aolubilities  remain  relatively  insensitive  to  temperature.  Appreciable  solubilities  of  these 
gases  in  concentrated  phosphoric  acid  (relative  to  their  room  temperature  values)  are  maintained 
at  temperatures  as  high  as  170°C. 

The  solubility  of  octane  in  concentrated  phosphoric  acid  at  elevated  temperature  is  an 
order  of  magnitude  smaller  than  tl  at  of  propane. 

4.3.2  Physicochemical  Properties  of  the  CsF-HF-H;  O  Electrolyte  System  (E.J.  Cairns) 

As  an  adjunct  to  the  fuel  cell  investigations,  some  of  the  more  important  physicochemi- 
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hydrogen  flame  detector 


Fig.  112  Gas  Stripping  Sy  stem 


cal  properties  of  the  CsF-HF-HjO  and  HF-Hj  O  systems  have  been  measured.  The  regions  o£  in 
vesiigation  were  usually  confined  to  th>.  composition  and  temperature  ranges  of  inteiest  for  fuel 
cell  and  electrochemical  work. 


4.  3.  2.  I  Experimental 

The  measurements  of  eieccro'yte  boiling  points,  freezing  points,  and  densities  were 

carried  out  in  the  single  apparatus  shown  in  Fig.  113.  The  density  was  determined  by  weighing  a 

solid  gold  spl.ere  in  air  and  then  in  the  electrolyte  (at  any  temperature  up  to  its  boiling  point).  The 

volume  of  the  gold  sphere  was  determined  from  the  relation; 

„  ,  ,  ^  Wt  in  air  -  Wt  in  H,  O 

vol  of  sphere  = - — - 

^HaO 


and  the  density  of  the  electrolyte  was  calculated  from 

Wt  in  air  -  Wt  in  electrolyte 
^  Vol  of  sphere 

The  boiling  point  was  measured  by  recording  a  temperature -time  heating  curve.  Heat  was  supplied 
by  a  heating  mantle  with  a  temperature  controller;  temperatures  were  recorded  using  a  thermo¬ 
couple  and  a  potentionietric  recorder  with  zero  suppression  in  order  to  maintain  good  sensitivity. 
Freezing  points  were  determined  from  cooling  curves.  Solid  CCj  (in  powder  form)  surrounding 
the  sample  beaker  provided  the  cooling  for  the  freezing  point  determination. 
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Fig.  113  Apparatus  for  Measurement  of  Boiling  Points, 

Freezing  Points,  and  Densities  of  Electrolytes. 

Electrical  conductivities  were  determined  using  the  all -Teflon  cell  shown  in  Fig.  114 
equipped  with  a  reflux  condenser  (not  shown).  The  temperature  of  the  cell  was  maintained  by  use 
of  the  apparatus  shown  in  Fig.  41,  p.  4-54  of  (1).  The  cell  constant  was  0.  3184  cm*^  at  77®C,  de¬ 
termined  using  7.  177  N  KOH,  having  a  specific  conductance  of  1.321  ohm"^cm"^(2)  at  77®  C.  It 
was  desirable  to  determine  the  cell  constant  at  an  elevated  temperature  because  the  conductivities 
of  the  fluoride  electrolytes  were  to  be  measured  at  temperatures  up  to  140®C.  The  effect  of  tem¬ 
perature  on  the  cell  constant  was  estimated  using  the  coefficient  of  thermal  expansion  of  Teflon, 
and  was  found  to  be  less  than  l?o  in  the  temperature  range  reported.  All  resistance  measurements 
were  carried  out  with  a  General  Radio  type  luoOA  impedance  bridge,  using  a  1000  cps  signal. 

4.  3.  2. 2  Results  and  Dlscus'-ion 

The  boiling  point,  freezing  point  and  density  results  for  the  CsF-HF-HaO  system  are 
sumn.arirec  in  Table  XXVIU.  The  boiling  point  as  a  function  of  compos. .ion  for  the  HF-HaO  system, 
as  reported  by  Vieweg{3),  is  shown  in  Fig.  115.  The  circular  data  points  are  those  of  Vieweg;  the 


{ 1 )  Semi- Annual  Technical  Summary  Report  No.  5.,  Jan.  1  -  June  30,  1964, 

ARPA  Order  No.  247,  Contract  Nos.  DA44-009-ENG-4909  and  DA44-009-AMC -479  (T). 

(2)  P.  M.  Korotkov  and  N.  K.  Sokolov,  J.  Gen.  Chem. ,  USSR,  \  670  (1933). 

(3)  R.  Vieweg,  Chem.  Tech.,  J_5,  734  (1963). 
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Fig,  114  Teflon  Conductivity  C-»  11 


square  ones  are  ours.  The  data  of  Table XXVII and  Fig.  combined  with  boiling  point  data  for 

aqueous  cesium-salt  solutions  were  used  to  construct  the  boiling  point  isotherms  shown  in  Fig.  116. 

The  precision  of  the  isotherm  location  is  highest  near  the  H3O-HF  axis  and  in  the  region  between 

HP 

5  and  20  mole  %  water  near  — — ^  =  2  to  3.  Note  that  the  single  most  important  factor  in  deter- 
mining  the  boiling  point  is  the  mole  %  CsF,  which  serves  to  raise  the  boiling  point  in  a  relatively 
uniform  manner,  regardless  of  the  HFrHjO  ratio,  above  the  boiling  point  of  about  100®C.  Th%‘ 
two  straight  lines  from  the  HjO  vertex  correspond  to  C5F'2HF  and  CsF'SHF.  The  regions  of 
high  HF  content  are  only  accessible  at  low  water  contents  (for  a  boiling  point  of  say,  150®C).  The 
maximum  cell  performance  at  150“Cis  obtained  at  HF:CsF>2.0,  H3O  =  12.5  mole  %.  The  upper 
limit  of  the  HF:CsF  ratio,  due  to  a  boiling  point  requirement  of  160®C,  li  2.2.  This  means  that 
re’-.xation  of  the  electrolyte  composition  will  be  an  important  factor  in  maintaining  peak  cell  per¬ 
formance. 

The  density  data  of  Table  XXVUI  were  plott-d  against  composition,  and  these  plots  were  used 
for  the  construction  of  the  triangular  density-composition  diagram  shown  in  Fig.  1 1 7.  The  isochores  or 
constant  density  lines  shown  (for  100°C)  are  consistent  with  density -composition  data  for  other  cesium 
salt-water  systems,  and  with  the  density  data  available  for  the  HF-HaO  systemat  IS^  (4).  The 

(4)  L.  Domange,  Proc,  Acad.  Sci,  Fr.  _ . ,  459  ( i934). 
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TABLE  XXV III 


Properties  of  CsF-HF-H^  Solutions 


HF-H,0  azeotrope  has  a  rather  strong  temperature  dependence  of  density,  as  shown  by  the  re¬ 
sults  in  Fig.  118.  The  circles  are  our  u_:a,  the  square  point  is  interpolated  from  Fig.  119(4). 

The  freezing  point  data  for  the  Cs.F-HF-HjO  should,  in  principle,  allow  the  construc¬ 
tion  of  the  triangular  comnosition  -  freezing  point  diagram,  however,  due  to  the  large  number  of 
compounds  formed  by  the  three  possible  binary  systems,  it  is  difficult  to  construct  the  ternary 
phase  diagram  without  a  very  large  amount  of  data.  Some  of  the  features  of  the  ter  '.ary  system 
can  be  seen  by  considering  the  three  binary  diagrams  shown  in  Figs.  120,  121  and  122.  The 
KF-HjO  system(5)  (Fig.  120)  shows  the  formation  of  three  compounds:  H^O  •  HF,  H20*2HF,  and 
HjO  •  4HF.  Note  the  very  low  freezing  points.  The  HF-HjO  azeotrope  freezes  in  the  vicinity  of 
-50°C.  The  portion  of  the  Cs  F-HgO  system  which  is  of  most  interest  has  recently  been  deter¬ 
mined  (6),  and  is  shown  in  Fig.  121.  Three  compounds  have  already  been  identified  in  this  system: 
Cs  F  •  H-O,  CsF-  1.5  HgO,  and  Cs  F  •  3  HsO.  The  freezing  points  for  compositions  containing  less 
than  60  mole  %  HhO  become  rather  high  and,  fortunately,  these  compositions  (near  the  CsF-HgO 
axis  of  the  ternary  diagram)  are  not  particularly  interesting  for  use  in  hydrocarbon  fuel  cells. 

The  HF-rich  portion  of  the  CsF-HF  phase  diagram  (Fig.  122)  (7)  is  important  to  the 
operation  of  hydrocarbon  cells  and  to  the  preparation  of  CsF-HF-HgO  electrolyte.  The  compound 
Cs  F  •  HF  has  a  melting  point  of  176®C,  making  this  a  convenient  intermediate  in  electrolyte  prep¬ 
aration.  The  compound  Cs  F  •  HF  is  prepared  by  heating  a  mixture  of  Cs  F  and  HF  (with  a  10-20% 
excess  of  HF),  evaporating  the  excess  HsO  (if  any)  and  HF,  and  periodically  determining  the 
freezing  point.  When  a  value  of  176°C  is  obtained,  compound  formation  is  complete,  and  excess 
reactants  have  been  evaporated.  It  is  noteworthy  that  the  freezing  points  of  CsF*HF  mixtures 
decrease  sharply  as  the  HF  content  increases,  so  that  freezing  points  in  the  vicinity  of  room 
temperature  and  lower  are  obtained  in  the  regions  corresponding  to  F/Cs  ratios  exh”.  .wing  good 
fuel  cell  performance  on  hyarocarbons.  There  are  at  least  four  compounds  formed  in  this  binary 
system:  Cs  F  •  HF,  Cs  F  •  2HF,  Cs  F  •  3HF,  and  Cs  F  •  6HF. 

The  freezing  point  data  from  Table  XXVIU  were  used  together  with  the  data  from  Fig.  122 
for  the  construction  of  a  pseudo-binary  diagram,  which  is  a  rectior.  of  the  ternary  taken  parallel 
to  the  Cs  F-HF  face,  but  at  7.  5  mole  %  HjO.  Note  that  the  whole  diagram  as  shown  in  Fig.  123 
is  depressed  by  about  12®C  below  that  in  Fig.  122.  This  diagram  is  nearly  the  pseudo-binary 
which  contains  compositions  exhibiting  maximum  performance  at  150°C.  The  important  freezing 
points  are  in  the  range  5-30't. 


(5)  G.  H,  Cady  and  J.H.  Hildebrand,  J.  Am.  Chem.  Soc.,  3843  (1930). 

(6)  R.  Cohen  -  Adad  and  C.  Ferlin,  Compl.  Rend.  258,  4057  (1964). 

(7)  R.V.  Windsor  and  G.  H.  Cady,  J.  Am.  Chem.  Soc.,  70,  1500  (1948). 
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MOLE  FRACTION  HF 

Fig.  122  Partial  Phase  Diagram  for  the  CsF-HF  System 
According  to  Windsor  and  Cady  (7). 


The  specific  conductances  for  theHF-H^O  and  CsF-HF-HsO  systems  as  c  function  of 
temperature  and  composition  are  summarized  in  Table  XXIX.  The  results  for  the  HF-H^O 
system  are  compared  to  those  of  other  investigations  (8,  9)  in  Fig.  124.  The  agreement  is  rather 
good.  Fig.  125  ehows  how  the  conductivity  of  a  CsF-HF-HjO  mixture  varies  with  the  amount  of 
Cs  present  at  constant  fluoride;  water  ratio  of  37:63.  It  is  interesting  that  the  solutions  con¬ 
taining  10  mole  %  CsF  or  more  have  a  higher  conductivity  at  100°C  than  the  HF-H3O  system 
with  the  same  fluoride  content.  This  indicates  that  the  replacement  of  some  of  the  H  with  Cs 
actually  increases  the  conductivity,  even  though  the  Cs+  Ion  has  a  lower  mobility  than  the 
ion.  The  HF  is  not  totally  ionized,  and  it  may  be  that  the  total  number  of  ions  in  the  system  is 
significantly  greater  for  the  Cs  -  containing  system  than  for  the  HF-H3O  binary  of  the  same 
fluoride  concentration. 

4,  3.2.3  Conclusions 

1)  The  boiling  point  -  composition  diagram  for  the  ternary  system  Cs  F -HF -K^O 
has  been  determined  with  an  accuracy  of  about  3*^  in  the  composition  range  of  most  interest. 

HP 

2)  The  densities  of  the  CsF-HF-HjO  system  in  the  range  2<  <  3  for  all 

water  contents  have  been  determined  at  100°C  with  an  accuracy  of  about  1%.  The  density  of 
the  HF-HjO  azeotrope  has  been  determined  as  a  function  of  temperature  in  the  range  -28°C 
to  105'C. 

3)  The  freezing  point  diagram  for  the  CsF-HF^KgO  system  at  a  constant  water 
content  of  7.  5  mole  %  has  been  estimated;  freezing  points  for  other  selected  compositions 
have  been  reported. 

4)  The  conductivities  of  the  HF-HgO  system  and  selected  compositions  in  the 
CsF-HF-HjO  system  have  been  determined  over  the  temperature  range  25-125°C.  Cer¬ 
tain  CsF-HF-H-O  solutions  show  higher  conductivities  han  the  corresponding  HF-HgO 
solution  of  equal  fluoride  concentration. 


(8)  E.G.  Hill  and  A.  P.  Sirkar,  Proc.  Roy,  Soc.,  130  (1910). 

(9)  S.J.  Broderick,  J,  Chem.  Eng.  Data,  7,  55(i96«,). 
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TABLl^.  XXIX 


Conductivities  of  Fluoride  .Electrolytes  (ohm"^  cm'^) 


These  data  were  obtained  from  extrapolations  of  the  log  L  vs  — 


plots . 
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4.4 


ELECTRODE  STRUCTURE  RESEARCH 


The  electrode  research  effort  puts  into  practice  the  understanding  and  discoveries  that 
evolve  from  all  other  areas  of  the  research  program.  Furthermore,  the  failure  analysis,  coupled 
with  the  life  testing,  provide  the  yardstick  to  evaluate  progress  and  enhance  improved  develop¬ 
ments  , 

Consistent  with  the  objec lives  outlined  in  Table  1  Section  3.  1,  the  studies  on  low  cost 
electrode  screen  materials  and  the  discovery  of  asbestos  as  an  electrode  structure  reinforcing 
agent  are  reported  in  the  subsequent  paragraphs.  The  progress  on  new  developmental  designs, 
characterization,  and  failure  analysis  is  also  discussed. 

4,4.1  Low'  Cost  Screen  Materials  (P.V.  Popat) 

The  investigations  to  select  and  evaluate  low  cost  metallic  materials  for  electrode 
screens  are  discussed  in  the  subsequent  paragraphs.  These  screens  must  be  resistant  to  corro¬ 
sion  in  the  concentrated  phosphoric  acid  at  150°C  used  as  the  COg-  rejecting  electrolyte  for  the 
hydrocarbon-air  fuel  cells. 

The  metallic  screens  are  critical  components  in  which  very  little  corrosion  or  dimen¬ 
sional  changes  can  be  tolerated  during  extended  periods  of  operation,  open-circuit  or  stand-by 
conditions.  For  these  screens  to  function  satisfactorily  over  extended  periods,  it  .s  believed  that 
their  corrosion  rates  under  the  fuel  cell  operating  environments  should  generally  be  of  the  order 
of  one  mil  per  year.  Apart  from  the  effects  of  corrosion  on  the  structural  stability,  porosity  and 
critical  dimensions,  excessive  corrosion  is  also  undesirable  because  the  corrosion  products  may 
poison  the  electrocatalysts  or  otherwise  impair  the  electrode  performance.  A  primary  considera¬ 
tion  was  to  select  and  evaluate  low-cost,  non-noble  metallic  materials.  The  data  reported  in  an 
earlier  progress  report  (1)  show  that  tantalum  is  one  of  the  best  materials  for  screens  from  the 
point  of  view  of  corrosion  resistance:  however,  its  cost  is  rather  high.  It  is  desirable,  therefore, 
to  have  a  material  with  essentially  the  same  degree  of  corrosioa  resistance  as  tantalum,  but  only 
a  fraction  of  its  cost. 

The  preliminary  seleci.on  of  low  cost  metals  and  alloys  was  arbitrarily  based  upon 
three  considerations: 

1)  Available  corrosion  data  for  a  variety  of  metals  and  alloys  (1).  These  data  were 
confirmed  and/or  extended  for  certain  promising  low  cost  n.aterials. 


(1)  Interim  Report  No.  1,  April  1,  1964,  General  Electric  Company:  U.S.  Army  Engineer 
Research  and  Development  Laboratories,  Contract  No.  DA-44-009-AMC-479(T)  ARPA 
Order  No.  247,  Program  Code  No.  4980;  Project  No.  P-4980. 
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2)  Qualitative  predictions  based  upon  the  theories  of  passivity  assumed  to  be  due  to 
certain  stable  electronic  configurations  and  related  alloying  principles  (2-4).  These 
principles  are  semi-empirical  at  present  and  apply  primarily  to  low  temperature 
corrosion.  Passive  layers  break  down  at  elevated  temperatures. 

3)  Private  communications  with  other  investigators  and  with  suppliers  of  special  alloys. 
Most  of  the  alloys  tested  are  not  available  commercially  and  difficult  to  make.  The  alloys  w’ere, 
in  general,  custom  made  for  experimental  evaluation.  Phase  separation  of  the  various  constitu¬ 
ents  during  testing  was  the  single  most  serious  problem  encountered  with  most  of  the  alloys. 

Since  some  experimental  work  with  concentrated  hydrofluoric  acid  as  the  electrolyte 
also  appeared  promising  a  preliminary  screening  of  some  of  the  selected  materials  for  stability 
in  48%  hydrofluoric  acid  at  23°C  and  lOO'^C  was  completed  during  the  present  reporting  period. 
Further  work  on  this  phase  of  the  cask  was  postponed  by  mutual  agreement  between  the  repre¬ 
sentatives  of  ERDL  and  the  General  Electric  Company.  The  preliminary  data  obtained  is  con¬ 
tained  in  Table  I  of  Appendix  5.  3.  1.  No  further  work  with  hydrofluoric  acid  is  planned. 

4  4  11  Experiment  il 

Thi  experimental  set-up  was  the  same  as  used  earlier  for  chernica)  corrosion  workll). 
The  tes*  procedure  was  modified  to  simulate  actual  fuel  cell  environments  as  closely  as  possible. 
Each  specimen,  after  appropriate  cleaning  procedure,  was  immersed  in  88  weight  percent  phos¬ 
phoric  acid  at  150*C  (300°F)  under  the  following  environments: 

1)  Hydrogen  gas  bubbling  This  simulates  strong  reducing  environments  at  the  anode. 

2)  Hydrogen  gas  bubbling,  the  test  sample  in  contact  with  platinum  black  electrodes. 
This  simulates  the  actual  environments,  including  galvanic  cells  between  the  substrate  and  the 
low  overvoltage  electrocatalyst  used  for  fuel  oxidation. 

3)  Propane  gas  (as  the  typical  saturated  hydrocarbon  fuel)  bubbling  over  the  test 

specimen. 

4)  Same  as  3)  with  the  test  specimen  in  galvanic  contact  with  platinum  black  electrode. 

5)  Oxygen  bubbling  over  the  test  specimen.  This  simulates  the  oxidizing  conditions  at 
the  air  cathode. 

6)  Same  as  5)  with  the  test  specimen  in  galvanic  contact  with  platinum  black  electrode. 
This  simulates  the  actual  environments  in  the  air  cathode  in  a  hydrocarbon- air  fuel  cell. 

7)  Some  tests  were  conducted  in  a  non-aerated  acid  solution,  exposed  to  the  atmosphere 
at  the  condenser  head. 

(2)  UhligH.H.,  "Electron  Configuration  in  Alloys  and  Passivity"  Z.  Elektrochem,  62,  700 
(1958). 

(3)  Robins,  D.  A. ,  "An  Interpretation  of  Some  of  the  Properties  of  the  Transition  Metals  and 
Their  Alloys"  J.  Less  Common  Metals ,  11,  396  (1959). 

(4)  Landau  ard  Oldach  C.  E. ,  "Corrosion  of  Binary  Alloys  ',  Trans.  Electrochem.  Soc.  81, 

521  (1942). 
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4.4.  1,2  Results  and  Discu^ision 


The  corrosion  data  for  each  specirrien  m  88  wt  %  phosphoric  acid  at  150’C  (300° F) 
under  the  reducing  or  oxidizing  environments  are  given  in  Table  II  Appendix  5.  3.  1.  1*.  is  clear 
from  the  table  that,  in  general,  the  corrosion  rates  of  metals  and  alloys  in  the  oxidizing  en¬ 
vironments  are  several  orders  of  magnitude  higher  than  under  the  reducing  environments.  Neg¬ 
lecting  the  kinetic  factors,  for  the  moment,  the  higher  corrosion  rates  under  oxidizing  conditions 
foilov.'  directly  from  the  higher  oxidation  potentials  (greater  free  energy  changes)  with  oxygen 
environments,  as  compared  to  hydrogen  or  propane  environments.  Higher  corrosion  rates  with 
propane  environments  as  compared  to  the  hydrogen  environments  can  be  explained  with  similar 
arguments.  The  experimentally  observed  potential  established  with  propane  as  fuel  is  more  oxi¬ 
dizing  than  the  potential  established  with  hydrogen,  other  conditions  being  equal. 

In  the  case  of  an  oxygen  environment,  the  cathodic  reduction  process  in  the  overall 
electrochemical  corrosion  of  the  metal  can  be  either  reduction  to  a  peroxide,  a  complete  reduc¬ 
tion  to  water,  or  a  combination  of  both  processes.  Relative  contribution  of  each  process  will 
depend  on  the  catalytic  activity  for  hydrogen  peroxide  decomposition  or  for  complete  reduction  of 
oxygen  to  water.  In  any  case,  the  corrosion  rates  in  tl.e  presence  of  oxygen  appear  to  be  cathodi- 
cally  controlled.  This  is  particularly  so  in  those  cases  where  the  corrosion  rate  in  the  oxygen 
atmosphere  is  accelerated  by  the  presence  of  platinum  black  electrode  in  metallic  contact  with  the 
test  specimen.  The  cathodic  reduction  process,  which  is  rate  controlling,  is  speeded  up  in  the 
presence  of  platinum  black  catalyst,  and  consequently  so  are  the  overall  corrosion  rates.  In  the 
case  of  reducing  environments,  the  overall  corrosion  rate  appears  to  be  controlled  both  by  the 
anodic  dissolution  of  the  metal,  as  well  as  the  cathodic  evolution  of  hydrogen  (mixed  control).  In 
those  cases  where  the  rate  remains  essentially  the  same  in  the  presence  of  platinum  black  elec¬ 
trode  as  in  its  absence,  one  can  conclude  that  the  overa'.l  corrosion  rate  is  probably  controlled  by 
anodic  process. 

One  very  important  parameter  which  has  not  been  considered  in  the  studies  reported  so 
far  is  the  metallographic  aspect  of  the  several  alloys.  The  basic  assumption  underlying  the  var¬ 
ious  electronic  theories  of  the  passivity  (e.g.,  alloying  to  produce  corrosion  resistant  stainless 
steel  alloys)  is  that  the  alloy  forms  a  solid  solution  or  one  homogeneous  phase.  In  contrast  to 
this,  it  was  observ  d  (by  optical  microscopy  at  high  magnification)  that  many  alloys,  particularly 
iron  and  chromium  alloys,  exhibited  distinct  phase  separation  or  segregation.  Different  areas  of 
the  same  specimen  showed  distinctly  different  crystal  structures  and  rates  of  corrosion,  as  judged 
from  the  different  appearance  of  the  various  areas  on  the  same  specimen.  Many  of  the  alloys 
were  melted  and  remelted  in  vacuum  several  times,  and  even  then,  phase  segregation  was  evident 
at  the  end  of  the  corrosion  test.  This  metallurgical  factor  will  be  more  closely  controlled  in  the 
future  work  since  it  has  a  very  large  effect  on  the  overall  corrosion  behavior  of  the  alley. 
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4,4.  1.3  Conclusions 

On  the  basis  of  the  data  reported  in  Table  II,  of  Appendix  5.  3  1  the  following  general 
conclusions  can  be  made; 

A.  Anode  (Fuel  Electrode)  Substrates 

1)  Commercially  available  tungsten  screen  as  well  as  93%  tungsten-7%  nickel  alloy 
are  sufficiently  resistant  to  corrosion  in  38  wt  %  phosphoric  acid  at  i50°C  in  the  reducing  environ¬ 
ments  (hydrogen  or  propane)  as  exhibited  by  their  corrosion  rates  of  less  than  one  mil  per  year. 
This  corrosion  resistance  is  unaffected  by  the  presence  of  platinum  black  in  contact  with  the  test 
specimen. 

2)  The  corrosion  rate  of  the  tungsten-nickel  alloys  increases  generally  as  the  per¬ 
centage  of  nickel  in  the  alloy  increases. 

3)  Molybdenum  nickel  alloy  (89%  Mo,  11%  Ni)  is  resistant  to  the  phosphoric  acid 
at  150*^0  in  the  presence  of  hydrogen  but  not  in  the  presence  of  propane  (2-6  mpy).  Also  the  cor¬ 
rosion  rates  of  the  molybdenum-nickel  allovs  having  71%  or  less  molybdenum  tend  to  increase,  in 
some  cases,  rather  sign  cantly,  in  the  presence  of  a  platinum  black  electrode.  For  instance, 
the  corrosion  rate  of  71%  Mo,  11%  Ni  in  an  environment  in  the  absence  of  platinum  was  1. 8 
mpy,  whereas  in  the  presence  of  platinum  black,  the  rate  increased  to  550  mpy, 

4)  Iron-chromium  and  cobalt-chromium  alloys  are  quite  unsuitable  for  anode  or 
cathode  substrates.  Nionel  appears  to  be  satisfactory  (0,6  mpy)  in  the  absence  of  platinum  black. 
Further  work,  including  obtaining  corrosion  data  in  the  presence  of  platinum  black,  will  be  needed 
before  final  conclusions  concerning  the  suitability  of  Nionel  can  be  made. 

B.  Cathode  (Air  Electrode)  Substrates 

1)  None  of  the  metallic  materials  investigated  during  this  report  period  have  cor¬ 
rosion  resistance  to  oxidizing  environments  equal  to  or  better  than  that  of  tantalum  or  noble  metals 
reported  previously  (1). 

2)  Of  the  materials  investigated  during  this  report  period,  titanium  carbide  (3.8 
mpy  in  absence  of  platinum  black  electrode)  and  tungsten  alloy  #11  (composition  not  yet  available) 
appear  to  be  the  most  promising  candidates  for  further  evaluation. 

Future  work  will  be  directed  towards  materials  with  homogeneous  (single  phase) 
alloy  compositions  containing  a  small  percent  of  a  noble  metal.  Emphasis  will  be  on  low  cost 
tungsten  alloys  and  carbides.  Theories  of  electronic  bonding  as  applied  to  surface  properties  of 
alloys  for  corrosion  resistance  will  be  examined  in  detail  to  arrive  at  the  optimum  compositio.i  for 
maximum  stability  in  phosphoric  acid  at  150C  under  oxidizing  conditions. 
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4.4.2  Asbestos  as  a  Reinforcing  Agent  (L.W.  Niedrach/M.  Tochner/H.  I.  Zeliger) 

The  incorporation  of  fibrous  reinforcing  agents  into  the  electrode  structure  was  in¬ 
vestigated  since  it  olftred  poten  ial  improvement  to  the  electrode  cracking  and  leakage  problem. 
Asbestos  fibers  were  chosen  for  initial  studies  because  of  their  known  high  strength  as  well  as 
their  acid  resistance. 

Electrodes  for  test  were  prepared  with  but  minor  modifications  to  the  standard  pro¬ 
cedure  for  the  Niedrach-Alford  electrodes  (1).  Before  use,  the  asbestos  was  digested  with  con¬ 
centrated  hydrochloric  acid  on  a  steam  bath  to  remove  acid  soluble  materials,  water  rinsed  and 
dried.  All  electrodes  were  supported  on  45  mesh  platinum  screens  and  had  a  film  containing  1.6 
mg  Teflon/crn®  on  the  gas  side.  In  some  electrodes  the  platinum  and  asbestos  were  distributed 
uniformly  throughout,  in  ethers,  a  dual-layer  structure  was  used  with  different  amounts  of  plati¬ 
num  and/or  asbestos  on  the  electrolyte  and  gas  sides  of  the  electrode. 

4.4.2.  1  Evaluation  Procedures 

Two  types  of  evaluation  were  performed.  The  first  consisted  of  operation  in  a  fuel  cell 
against  a  standard  platinum  black  counter-electrode.  Tests  were  performed  in  5N  sulfuric  acid 
cells  at  ambient  temperature,  and  in  85%  phosphoric  acid  cells  at  150°C.  In  the  former  case,  the 
electrodes  were  tested  with  hydrogen  and  oxygen,  in  the  latter  with  hydrogen  and  propane.  For 
the  second  evaluation,  representative  examples  of  the  electrodes  were  digested  for  a  week  under 
85%  phosphoric  acid  at  150°C  in  a  hydrogen  atmosphere.  Utilizing  this  test,  electrodes  without 
asbestos  reinforcement  have  been  showm  to  develop  cracks  in  a  few  days.  (2) 

4.  4.  2.  2  Results  and  Discussion 

A  number  of  dummy  electrodes  were  prepared  without  supporting  screens  to  obtain  a 
general  assessment  of  the  effect  of  compositional  variables  prior  to  testing  in  fuel  cells.  The 
proportions  of  materials  used  are  indicated  in  Table  XXX. 


(1)  L.W.  Niedrach  and  H.  R.  Alford,  Saturated  Hydrocarbon  Fuel  Cell  Program:  A  New  High 
Performance  Fuel  Cell  Employing  Conducting  Porous-Teflon  Electrodes  and  Liquid  Electro¬ 
lytes,  Contract  DA-44-009- AMC~479  (T).  J.  Electrochem.  Soc,  in  press. 

(2)  Technical  Summary  Report  No.  5,  Jan.  1-June  30,  1964,  Contract  Nos.  DA  44-009-ENG- 
4909  and  DA  44-009-AMC-479  (T),  p.  4-93  ff. 
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TABLE  XXX 


Cor^poaition  of  Dummy  Electrodes 


Electrode 

No. 

Pt. 

(gi'n) 

Composition  * 

Asbestos 

(gni) 

T-30 

(cc) 

1 

0.6 

0.  06 

Z 

0.6 

0.  06 

0.  06 

3 

0.6 

0.  12 

0.  06 

4 

0.6 

0.  18 

0.  06 

^  Amounts  spread  over  17. 

7  cm^a.rea. 

Over  this  range  there  was  an  increase  in  strength  with  increasing  asbestos  content.  The  all 
platinum  spread  was  brittle  and  crumpled  easily.  Dummy  electrode  4,  on  the  other  hand,  was 
significantly  stronger  and  could  be  bent  and  forth  without  cracking.  Measurements  showed  that 
the  electrical  conductivity  was  not  impaired  by  the  asbestos  additions. 


A  number  of  screen  supported  electrodes  covering  the  range  o'"  composition  were  sub¬ 
sequently  manufactured  for  tests  in  fuel  cells.  Included  among  them  were  electrodes  having 
a  dual-layer  structure  with  different  amounts  of  platinum  and/or  asbestoa  on  the  gas  and  elec¬ 
trolyte  sides  of  the  supporting  screen.  A  summary  of  the  electrode  cos.  ^:ositions  appears 
in  Table  XXXI. 

TABLE  XXXI 

Composition  of  Test  Electrodes* 


Composition  »  * 


Electrode 

No, 

Elect 

roiyte  Side 

Gas  Side 

Pt 

(gm) 

Asbestos 

(gns) 

T-30 

(cc) 

Pt 

(gm) 

.\sbestos 

(gm) 

T-30 

(cc) 

636, 

637  (controls) 

0.  3 

- 

0.03 

0.  39 

- 

0.  03 

638, 

639 

0.  3 

0.03 

0.  03 

0.  3 

0.03 

0.  03 

644 

0.  3 

0.  09 

0.  03 

0.  3 

0.09 

0.  03 

642 

0.  3 

0.  09 

0.  03 

0.  3 

- 

0.  03 

643 

- 

0.  3 

0.  03 

0.  3 

- 

0.  03 

660 

0.  3 

0.  09 

0.  06 

0.  3 

0.09 

0.  06 

^  Supported  on  45  mesh,  0.0078  in.  wire  Pt  screens, 
i  .  6  mg  Teflon/ cm"  film  on  gas  side 

Amounts  spread  over  17.  7  cm^  area. 
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Increasing  the  amounts  of  asbestos  to  0.15  and  0.  24  gm  per  0.  3  gm  Pt  resulted  in  elec¬ 
trodes  lacking  in  strength.  It  is  likely,  however,  that  increased  Teflon  loadings  could  counteract 
this  effect.  The  layer  that  was  prepared  without  platinum  also  was  lacking  in  strength,  which 
again  appears  to  reflect  a  deficiency  in  the  amount  of  Tefion  binder. 

Performance  data  for  the  various  electrodes  are  presented  in  Figs.  126  through  129. 
Anode  vs.  cathode  polarizations  are  shown  for  cells  with  *he  test  electrode  on  the  indicated  re¬ 
actant  and  a  standard  electrode  (or  equivalent)  serving  as  the  counter  electrode.  The  ohmic 
drops  have  been  eliminated  for  normalization  purposes  because  "ome  data  were  obtained  with  1/8 
inch  electrolyte  gaps  and  others  with  3/8  inch  gaps.  With  the  xception  of  electrode  643,  none  of 
the  asbestos  electrodes  contributed  a  detectable  increase  in  the  cell  resistance.  Electrode  643, 
which  had  no  platinum  on  the  electrolyte  side,  produced  a  sizeable  increase  in  cell  resistance. 

This  was  partly  associated  with  the  wettinp  properties  of  the  electrodes  since  vacuum  impreg¬ 
nation  of  the  electrode  was  required  before  satisfactory  performance  could  be  obtained. 

Apart  fro  n  this  increase  in  cell  resistance  for  electrode  643,  all  of  the  electrodes 
performed  as  well  as  the  standard  electrodes  on  hydrogen,  oxygen  and  propane.  This  includes 
the  performance  of  electrode  644  after  a  week’s  digestion  in  phosphoric  acid  at  150°C  in  a  hy¬ 
drogen  atmosphere. 

The  effect  of  the  asbestos  addition  on  resistance  to  cracking  is  showT,  dramatically  in 
’’ig.  130.  Electrodes  636  and  644,  as  well  as  639  and  646,  were  immersed  for  a  week  under  85% 
phosphoric  acid  at  150°C  in  a  hydrogen  atmosphere.  Reinforced  electrode  644  shows  marked  re¬ 
sistance  to  cracking.  In  contrast,  extensive  cracking  is  evident  in  the  control  electrode.  While 
both  pictures  were  taken  after  a  week's  exposure,  visual  examination  after  two  days  indicated 
that  many  of  the  cracks  in  the  control  had  already  formed. 

A  few  incipient  cracks  were  visible  in  electrodes  639  and  642  containing  intermediate 
amounts  of  asbestos  after  a  week's  digestion  under  the  phosphoric  acid.  These  cracks  were  con¬ 
centrated  in  thinner  areas,  and,  in  contrast  to  those  in  the  control,  did  not  penetrate  through  the 
structure. 

These  results  indicate  that  the  incorporation  of  fibrous  material  into  Conducting-Porous - 
Teflon  electrodes  can  markedly  improve  their  structural  integrity,  Fuxther  work  in  this  area  is 
desirable,  particularly  with  regard  to  optimization  on  the  basis  of  longer  term  tests. 

4. 4.  2.  3  Conclusions 

Asbestos  is  effective  in  improving  the  structural  integrity  of  Teflon-bonded  electrodes. 
The  use  of  these  or  similar  fibers  should  be  effective  in  overcoming  cracking  problems  associated 
with  the  Teflon  bonded  electrodes. 
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CELL  VOLTAGE  (IR  FREE)  CELL  VOLTAGE  (IR  FREE) 


ELECTROLYTE >5N  H,S0«(3>  25*C 
ELECTR00£S'0,-Pti  TEFLON  BONDED 

FUEL* -  STANDARD  IHZ-ll 

&  =638 

(SEE  TABLE  FOR 
ELECTRODE  COMPOSITION) 

A  =660 


200 

CURRENT  D£NSITY-mo/cm* 


Fig.  126  Effect  of  Asbestos  Content  on  Performance  as  a 
Anode  With  5N  H^SO^Electrolyte 


ELECTROLYTE  :5N  H,S0,®  25*C 

ELECTRODES* 0,-Pt;  TEFLON  BONDED 

FUEL’ - STANDARD  (HZ*I) 

A  >636 

%  if Jf  (SEE  TABLE  FOR 
^  .5^5  ELECTRODE  COMPOSITION) 
*  >660 


100  200  3 
CURRENT  OENSiTY-mo/cm* 

T'ig.  127  Effect  of  Asbestos  Content  on  Performance  as  an 
Oj  Cathode  With  5N  H^SO^  Electrolyte. 
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CELL  VOLTAGE  (IR  FREE)  CELL  VOLT 


Fig.  128  Effect  of  Asbestos  Content  on  Performance  as  a 
Hj  Anode  With  8S%  H^PO^  Electrolyte. 


I.2i 

1.0 


ELECTROLYTE*  89%  H,P0,  <5  I90*C 
ELECTRODES*  0,-Pti  TEFLOR  BONDED 


a  *841 
V  *844 

A  *880 


STANDARD  (0C*2C) 

(SEE  TABLE  FOR 
ELECTRODE  COMPOSITION) 


Fig.  129 


Effect  of  Asbestos  Content  on  Performance  as  a 
C^H^  Anode  With  85%  H^PO^  Electrolyte. 
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4.4.  3 


Developmental  Electrodes  (Dr.  M.  Gloor) 


The  effort  in  prenaration  and  testing  of  developmental  electrode  structures  was  entirely 
concent  rated  on  modification  of  the  Niedrach- Alford  electrode.  The  primary  objective  was  to  im¬ 
prove  the  performance  and  reliability  (c  rack- resistance  or  mechanical  stability)  of  the  standard 
electrode. * 

All  vest  electrodes  were  of  3  x  3  in.  size,  with  58  sq  cm  total  catalyst  area  and  42.  8  sq 
cm  active  area  (1/20  of  a  square  foot).  Each  electrode  was  tested  on  hydrogen,  propane,  oxygen, 
and  air.  Relatively  high  air  flow  rates  were  used  in  order  to  obtain  reproducible  polarizatio.n 
curves.  The  cell  resistance  is  approximately  0.015  ohm.  The  test  data  are  given  as  electrode 
potentials  (IR-free)  vs.  a  hydrogen  electrode  in  the  same  environment  (85%  H^PO^,  50°C).  Test 
equipment  limits  current  density  measurements  to  a  maximum  of  200  amps/square  ft. 

4.4.3.  i  Wetproofing  Film  Evaluation 

The  use  of  heavy  wetproofing  films  was  considered  as  a  possible  method  of  decreasing 
the  leak  rates  of  cracked  electrodes.  The  films  isually  applied  on  standard  electrodes  as  Teflon 
suspension,  were  either  sprayed  on  the  electrodes  or  transferred  from  metal  foils.  These  films 
have  an  average  leading  of  about  6  mg  fluorocarbon/ sq  in.  Ar.  air  gun  was  used  to  spray  the 
heavier  film  onto  the  developmental  el  ctrodes.  The  electrodes  were  fixed  in  a  mechanical 
traversing  table,  thus  providing  uniform  spraying  conditions.  The  film  loading  could  be  accurately 
controlled  and  was  directly  determined  by  weighing.  The  finished  electrode  was  heat  treated  at 
350  C  for  50  minutes  in  order  to  consolidate  the  film.  Two  electrodes  (including  no.  5111)  were 
heat  treated  for  100  minutes  and  performed  poorly. 

The  performances  of  10%  T-30  electrodes  with  sprayed-on  film  are  summarized  in 
Table  Vlll,  App.  5,  3.2.  The  electrodes  with  films  of  40  to  60  mg/sq  in.  (10  times  usual  loading) 
v/orked  best  and  as  good  or  slightly  better  than  the  best  standards  (1).  Loadings  of  110  mg/sq  in. 
were  still  satisfactory,  whereas  160  mg/sq  in.  blocked  the  gas  access  to  the  electrode.  Electrode 
performance  on  propane  and  oxygen  is  plotted  vs.  film  loading  in  Fig.  131.  The  increased  per¬ 
formance  of  electrodes  with  heavier  films  on  propane  may  be  due  to  better  penetration  of  the 
film  into  the  electrode  as  a  result  of  longer  spraying  times  or  better  water  retention  necessary 
for  good  performance.  The  performance  of  electrodes  on  oxygen  and  air  is  better  than  on  stand¬ 
ards  made  during  the  first  half  of  1964  (2).  It  is  obvious  that  the  thicker  films  give  no  additional 
gas  diffusion  polarization  up  to  quite  high  loadings.  Microscopic  inspection  of  the  films  revealed 

The  standard  electrode  consists  of  2.4  gr  catalyst  mix  (10%  by  weight  of  teflon  binder  and  90% 
platinum  black)  processed  onto  a  tantalum  screen.  The  total  area  is  3  x  3  inches.  No  platinum 
screens  were  used  for  developmental  electrodes. 

(1)  Technical  Summary  Report  No.  5,  Jan.  1  -  June  30,  1964,  ARPA  Order  No.  247,  Contract  No. 

DA44-009 -ENG-4909  and  No.  DA44-009-AMC-479  (T).  V.  4-100,  5-2. 

(2)  Ibid.  P.  4-100,  5-2. 
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ELECTROOe  POTEMTIAS.dR  FREEl'vllV 


MG  FLUOROCARBON /SO  IN. 

Fig  131  Developmental  Electroaes  With  Heavie r  Wetproo  ng  Films -Performance  on 
Propane  and  Oxygen  vs.  Film  Weight. 


Electrode  3188  Electrode  3189 

Film  cracked 

Fig.  1  32  Heavy  and  Fluffy  Wetproofing  Films  (after  test).  Appearance  of  Surface  with 
"poplar  tree"  formations.  36X. 
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a  uniform  build-up  of  the  layer  to  about  20  mg/sq  in.  As  the  layer  thickness  is  increased  by 
further  sprayirg,  formations  having  the  appearance  of  poplar  trees  start  growng  out  of  the  layer. 
See  Fig.  132.  The  leakage  of  these  electrodes  seemed  to  be  diminished  but  not  entirely  stopped. 
There  is  insufficient  data  available  to  statistically  express  the  improvement. 

The  Teflon  content  of  the  catalya'  layer  has  a  marked  influence  on  the  final  performance 
when  these  ^prayed  films  are  used.  In  previous  work  (3),  it  has  been  shov?  “^hat  the  performance 
of  standard  electrodes  is  unaffected  with  up  to  20%  T-30  and  30%  T-7  at  current  densities  of  50 
A.S.F.  Table  IV,  App.  5.3.2,  indicates  the  performance  of  electrodes  with  machine-sprayed 
films  on  20%  T-30,  20%  T-7  and  30%  T-7.  As  can  be  seen,  rather  low  limiting  current  densities 
were  experienced.  After  hot  pressing  these  electrodes  with  20  tons  pressure,  the  performance 
and  limiting  current  densities  on  propane  generally  increased.  See  Tables  IV  ar,  ’  V,  App.  5.3.2. 
The  oxygen  and  uir  performances  are  somewhat  decreased  but  not  to  the  extent  expected  by 
"closing  the  porous  films"  lo  the  degree  expected  from  the  hot  pressing. 

4.  4.  3. 2  Asbestos  as  Electrode  Filler  Material 

Following  up  on  the  discovery  that  asbestos  has  been  shown  to  exhibit  good  performance 
and  improved  mechanical  stability,  seven  electrodes  scaled  up  to  3  x  3  in.  size  were  prepared. 
Some  of  these  electrodes  had  varied  Teflon  and  asbestos  concentrations.  The  performance  data 
were  as  good  as  the  best  standards.  See  Table  VI,  App.  5.3.2.  After  a  few  days  of  testing,  the 
electrolyte  sides  of  these  electrodes  were  Ui.Camaged  or  only  faintly  cracked.  See  Fig.  133.  The 
standard  10%  Teflon  electrodes,  however,  showed  the  usual  crack  pattern.  Some  of  these  as¬ 
bestos-loaded  electr'des  are  now  on  life  test.  It  should  be  noted  that  the  dilution  of  the  catalyst 
did  not  reduce  performance  as  w.'s  the  case  v.dth  tantalum  (4). 

The  compositions  and  catalyst  loadings  of  asbestos -filled  electrodes  are  listed  in 
Table  Vll,  App.  5.3.2.  Electrodes  with  19%  asbestos  and  10%  Teflon  give  reproducibly  good  per¬ 
formance.  (During  test  of  electrode  no.  3240  a  faulty  reference  electrode  produced  polarisation 
curves  with  a  constant  deviation.  Performance  was  good.)  Decrease  of  the  asbestos  concentra¬ 
tion  to  7%  had  no  influence  on  performance  (electrode  no.  3243).  An  increas'^  in  asbestos  and 
Teflon  levels  to  25%,  20%,  respectively,  resulted  in  decreased  performance  of  one  out  of  two 
electrodes. 

4.4. 3.  3  Double-Layer  Electrodes 

Two  active  catalyst  layers  are  usually  pressed  onto  a  screen  to  form  a  Niedrach-Alford 
electrode.  A  more  stable  electrode  could  be  produced  /  replacing  one  of  these  active  layers  with 
a  more  crack-resistant  one  containing  additional  Teflon  or  an  inert  material  like  tantalum.  In 
that  this  electrode  would  have  an  active  layer  and  an  inactive  layer,  the  interface  between  gas  and 


3.  Ibid.  P.  4-100 

4.  Ibid.  P.  4-101  thru  4-105 
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G-is  Side  Eleclroiyle  Side  (Sn'idil  Cracks) 


a.  Asbestos -filled  Electr 

Electrolyte  Side  Before  Test 

ode  No. 

3241.  Surface  After  Test.  36X, 

Electrolyte  Side  After  Test 
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b.  Standard  Elect! cde.  Tested  with  No.  3Z41.  36X, 


Fig.  133  Comparison  of  Asbestos-Filled  Electrode  and  Standard 
Electrode  Surfaces. 
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electrolyte  must  be  established  in  the  active  layer.  As  the  electrode  may  be  operated  v.uth  the 
active  face  either  against  the  gas  side  or  the  electrolyte  side,  a  wetproofing  film  is  simp  ;  sprayed 
on  the  active  layer  or  is  sandwiched  between  the  active  and  inert  (or  low'er  activ-ty)  layers.  More¬ 
over,  the  inert  layer  should  be  porous  enough  for  adequate  mass  transport  rates  in  either  the  gas 
phase  or  the  electrolyte  phase. 

A  series  of  electrodes  were  made  on  this  principle  with  10  and  30%  Teflon  layers  and  i 

with  the  wetproofing  film  on  the.  gas  side.  See  Table  VIII  A,  App.  5.3.2.  The  performances  are  3 
largely  determined  by  the  Teflon  content  on  the  gas  side  and  otherwise  approach  standard  values 
up  to  50  A.S.F.  See  Table  IX,  App.  5.3.2.  Electrode  no.  5174  with  30%  T-30  in  the  gas  side 
show's  reduced  limiting  current  density.  Table  IX  indicates  if  the  layer  on  the  gas  side  contains 
1 07o  T-30,  10%  T-7  or  30%  T-7,  the  performance  is  good.  Electrode  no,  3163  was  identical  to 
no.  824  but  did  not  demonstrate  similar  performance.  The  30%  '^-7  region  was  found  to  be  good 
performing  but  seems  to  be  the  upper  limit  for  T-7  content.  Variation  in  this  limiting  value  would 
explain  the  contradiction  between  electrodes  no.  824  and  3163  performance  levels.  Fig.  134  shows  § 
the  two  surfaces  of  the  electrodes  after  about  15  to  20  hours  of  test.  As  seen  in  Fig.  134,  30% 

Teflon  on  the  gas  side  does  not  crack,  while  10%  Teflon  has  a  few  very  fine  cracks.  The  elec¬ 
trolyte  side  always  cracks,  but  there  is  a  great  difference  between  10  ai.d  30%  Teflon. 
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Electrode  5106  Gas  Side 


Electrode  5106  Electro  y  te  Side 


Electrode  3163  Gas  Side  Electrode  3163  Electrolyte  Side 


Fig.  134  (Cont. ) 
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Two  double  -  lays  r  electrodes  were  made  with  a  tantalum  layer  and  a  plalinum-black 
layer.  One  of  these  electrodes  had  nickel  powder  as  a  spacing  agent  in  the  tanta lum  layer  and 
which  was  dissolved  out  before  testing,  See  Table  VIII  B,  App.  5,  3.2,  for  the  composition  of  the 
layers.  As  show’n  in  Table  X,  App.  5.3.2,  the  increased  porosity  cf  the  stable  tantalum  layer 
resulted  in  poor  performance  of  electrode  no.  3198  and  good  performance  at  practical  current 
densities  w’ith  electrode  3209.  The  limiting  current  de  sity  increased  from  45  to  110  A.S.F.  on 
pro^'ane.  This  value  is  still  lower  than  usual  and  may  be  caused  by  the  tantalum  layer  or  the 
high  Teflon  percentage.  Both  sides  of  the  two  electrodes  were  uncracked  after  the  tests. 

In  a  further  series  of  double-layer  electrodes,  wetproofing  films  of  various  loadings 
were  sandwiched  between  a  tantalum  and  a  platinum  layer  (for  composition  see  Table  VIII  C, 

App.  5.3.2).  Ai  this  time,  the  best  results  are  obtained  by  spraying  the  film  onto  the  pressed 
platinum  layer  and  then  adding  the  tantalum  layer.  Electrode  3226  with  1.6  mg/sq  in.  Teflon 
film  (1/4  of  a  normal  film  density)  was  very  leaky,  as  shown  in  its  electrical  performance  (see 
Table  XI,  App.  5.3.2).  Electrodes  3228  and  3229  with  standard  films  performed  well  up  to  3C 
A.S.F.  ,  wdth  some  leakage.  On  all  these  electrodes  the  platinum  (electrolyte)  side  w'as  cracked, 
whereas  the  tantalum  (gas)  side  showed  no  cracks  after  tests.  The  moderate  leakage  experienced 
indicates  that  the  wetproofing  w'as  not  continuous  and,  therefore,  pi  rt  of  the  active  layer  was 
drowned  by  electrolyte.  The  better  performance  of  electrode  3229  over  3228  may  stem  from  the 
fact  that  3229  was  hot-pressed  before  depositing  the  film.  This  resulted  in  a  smoother  and  more 
continuous  film.  The  film  was  obviously  too  thick  on  electrode  3230.  After  the  test,  electrodes 
3226  and  3228  we’-e  sprayed  with  a  wetproofing  film  on  the  catalyst  side  and  operated  in  a  cell 
with  the  catalyst  towards  the  gas  side.  Performance  and  limiting  current  density  of  electrode 

3226  increased  markedly,  whereas  electrode  3228  performance  dropped  slightly  and  the  limiting  | 

I 

current  density  increased.  J 

1 

4.4.  3.4  Application  of  Wetproofing  Films  I 

The  adherence  of  the  wetproofing  film  or  even  the  penetration  into  the  catalyst  layer  may  f 

be  an  important  factor  in  good  electrode  performance.  Wetproofing  films  were  applied  to  two 
standard  electrodes  under  vacuum  suction.  A  film  of  40  mg/sq  in.  Teflon  was  sprayed  on  elec¬ 
trode  5135  by  an  air  gun  with  5  inches  Hg  vacuum  applied  across  the  electrode.  The  sprayed  areas 
dried  slowly  but  the  pressure  drop  throug’^  the  electrode  seemed  insufficient  to  pull  the  suspen¬ 
sion  into  the  electrode.  Tne  performance  was  normal  and  improved  somewhat  after  the  electrode 
was  hot-pressed  for  the  second  test.  See  Table  XII,  App.  5.3.  2.  A  different  method  of  wetproof-  ^ 

ing  electrode  5150  was  used.  This  electrode  was  covered  wdth  Teflon  suspension  and  a  vacuum  of 
10  inches  Hg  applied.  The  suspension  started  filtering  without  visible  deposition.  Acetone  was  j 

added  to  coagulate  the  Teflon  which  was  then  filtered  to  dryness  onto  the  electrode  and  then  . 
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sintered  at  360°C.  The  performance  is  good  but  not  outstanding.  The  deposition  of  films  with  the 
described  methods  gave  no  improvement  in  performance. 


4. 4. 3.  5  Tantalum  Substructures 

A  few  so-called  tantalum  substructures  were  prepared  by  pressing  a  mixture  of  tanta¬ 
lum  pow'der,  Teflon,  and  a  spacing  agent  such  as  nylon  fibers,  nickel  powder  or  aluminum  powder 
Onto  a  screen.  After  leaching  of  the  highly  pressed  electrode,  a  porous  structure  remained  which 
was  tough  or  soft  depending  on  the  concentrations  used  in  the  mix.  These  porous  structures  were 
diffic  ult  to  activate.  The  best  performance  so  far  was  achiev'ed  by  filtration  of  a  platinum  biack- 
Teflon-water  slurry  onto  the  electrode.  See  Table  XIII,  App.  S.  'i.i..  The  performance  was  rel¬ 
atively  good,  with  sufficient  limiting  current  density  up  to  80  A.S.F.  Adhesion  of  the  catalyst  to 
the  basic  layer  was  poor. 

4.  4.  3. 6  Alloy  Catalysts 

A  few  electrodes  have  been  prepared  with  alloy  catalysts  such  as  Ti-Ta-Pt  alloy.  Only 
those  catalysts  which  were  etched  prior  to  preparation  of  the  electrode  showed  significant  per¬ 
formance  levels  and  these  were  poor  on  propane  and  fair  on  oxygen. 

4.4.3.  7  Catalyst  Loading 

The  influence  of  catalyst  loading  on  straight  platinum  black,  10%  Teflon  electrodes  was 
tested  w'ith  3.3,  1.5  and  1.2  gr  total  loading  (platinum  +  Teflon)  vs  2.4  gr  standard  weight.  There 
was  no  appreciable  difference  in  performance,  although  the  1 . 2  gr  loading  seemed  to  contribute  to 
better  performance  at  current  densities  up  fo  50  A.S.F.  The  heavy  loading  was  only  fair  at  high 
current  densities,  the  1 . 5  gr  loading  ve ry  good,  and  the  1 . 2  gr  loading  cut  off  at  80  A. S .  F.  See 
Table  XIV,  App.  5.  3.  2. 

Furthermore,  an  electrode  was  pressed  at  100  tons  (40  tons  nominal)  and  showed  normal 
performance.  See  Table  XV,  App.  5.3.2.  The  use  of  several  screens  with  4  mil  wire  instead  of 
8  mil  (both  the  same  45  mesh/inch)  proved  to  give  no  difference  in  performance,  but  the  more 
rigid  8  mil  wire  screen  is  preferable  for  better  mechanical  stability  of  the  electrode. 

4.4.'^  Electrode  Characterization  (Dr.  M.  Gloor) 

The  knowledge  of  structural  and  other  properties  of  electrodes,  such  as  surface  area 
of  the  catalyst  and  location  of  the  wetproofing  zone,  may  prove  ia  be  important  tools  in  evaluation 
of  manufacturing  procedures  and  preparation  of  defined  structures  in  order  to  correlate  and  op¬ 
timize  these  properties  with  performance  as  well  as  to  insure  reproducibility.  During  this  period, 
porosity  and  surface  area  measurements  w'ere  developed  wdth  the  use  of  standard  equipment. 
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4. ‘1.4.1  Electrode  Porosity  Measurements 

Gas  permeability  will  give  qualitative  information  about  average  porosity  of  new  elec¬ 
trodes.  The  electrodes  were  carefully  checked  for  pinholes  with  a  microscope  and  a  bright  light 
source  belov'  the  electrode.  Permeability  rates  were  measured  from  0  to  Z5  inches  HaO  pressure 
and  found  to  be  linear  in  this  region.  Table  XXXll  below’  lists  the  permeability  rates  for  air  at  5 
inches  HgO  for  six  standard  Niedrach-Alford  electrodes  with  wetproofing  films.  The  reason  for 
the  very  low  pe rmeau’ iity  exhibited  by  electrode  3201  is  presently  unknown.  The  average  perme¬ 
ability  is  105  i  23  cc/min.  of  air  (excluding  electrode  3201)  or  90  ±  40  cc/min.  (including  elec¬ 
trode  3  201  ),  the  range  being  the  mean  sqtiare  deviation. 


TABLE  XXXII 

Permeability  Rates  of  Air  on  Standard  Niedrach-Alford  Electrodes 


Electrode  area:  42.8  cm* 

Preeeure  drop:  5  inches  HaO 

By  introducing  the  permeability  values  into  the  Kozeny  equation  for  laminar  flow  of  fluids  through  | 
porous  media,  an  internal  area  responsible  for  frictional  pressure  loss  can  be  calculated.  With  I 

the  simplified  assumption  of  cylindrical  and  straight  pores  and  known  porosity,  a  mean  pore  diam-  ! 

eter  may  be  obtained.  Thus.  ^5%  measured  porosity  (see  later  in  this  section)  and  100  cc/min. 
permeability  rate  at  5  inches  HgO  pressure  drop  result  in  pore  size  of  about  0.  1  which  is  rea¬ 
sonable.  This  mean  diameter  naturally  does  not  represent  the  actual  structure  but  may  be  a  use¬ 
ful  parameter  for  quick  evaluation  of  reproducibility  of  the  porosity.  Later  on,  with  more  data 
available,  correlation  to  polarization  data  and  limiting  current  densities  may  also  be  possible. 

Bubblepoint  pressure  measuremencs  on  carefully  wetted  electrodes  indicate  that  the 
largest  pores  are  about  30  to  50  4  in  diameter,  as  calculated  with  the  aid  of  capillary  pressure. 

These  first  blown-out  channels  may  be  single  pores  or  "pore  bundles". 

Measurements  of  porosity  and  pore  size  distribution  were  attempted  on  two  different  ( 

samples  with  a  mercury  penetration  porosimeter.  The  first  sample  was  cut  out  of  a  catalyst-  | 

decal  which  had  been  pressed  onto  a  porous  tantalum  sheet  to  yield  an  only  fair  performing  | 

i 


Electrode  No. 


5117 
3167 
3201 
3170 

5118 

5119 


Permeability 
(cc  air/min. ) 

148 

93 

14 

97 

80 

109 


4-209 


. .  Dil'H  h  ii  im  HI  i|illlliill||li  lliil  (i  ||)l|  IIIIN  til 


electrode  (1).  The  decal  had  a  porosity  of  30%,  as  compared  with  65%  for  the  second  sample 
which  consisted  of  a  good  performing  Niedrach-Alford  electrode.  This  65%  value  relates  only  to 
the  catalyst  layer  and  does  not  include  the  screen.  These  different  porosities  may  account  for  the 
difference  in  performance,  but  other  properties  such  as  masking  of  the  catalyst  by  the  binder, 
etc.  ,  wiil  have  to  be  considered  for  a  complete  analysis.  The  pore  size  distributions  of  both 
samples  are  represented  in  Fig.  135.  In  curve  a  of  Fig.  135  the  largest  pores  measure  30  fl  in 
diameter  and  the  main  concfa.tration  of  pores  occurs  between  0.  1  to  1  ^  diameter.  Because  the 
Niedrach-Alford  electrode  was  compressed  and  cracked  during  the  test,  the  distribution  under 
curv'e  b  of  Fig.  135  is  probably  inaccurate. 

Fig.  136  shows  the  Niedrach-Alford  electrode  sample  before  the  test,  after  the  test 
with  the  mercury  leached  out,  and  with  the  platinum  black  dissolved  by  aqua  regia.  Seven  disks 
of  the  decal  electrode  were  simultaneously  measured.  The  thickness  of  the  disks  averaged  3.Z8 
mils  before  (14  measurements)  and  3.42  mils  after  the  test.  The  diameters  of  19/32  in.  were 
unchanged.  Therefore,  no  irreversible  volume  change  had  occurred  and  probably  no  change  at 
al.  since  porous  fluorocarbons  are  not  elastically  deformable.  The  porosities  were  calculated 


Fig.  135  Pore  Size  Distribution 


(1)  Technical  Summary  Report  No.  5,  Jan  1  -  June  30,  1964,  ARPA  Order  No.  247,  Contract  No. 
DA  44-009-ENG-4909  and  No,  DA  44-009 -AMC -479  ( T),  p.  4- 1 10  and  4- 1 12. 
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After  Test,  with  Platinum- Black  Removed 

Fig.  136  Surface  of  Niedrach- Alford  Electrode  Sample.  Porosity  Measurement 

with  Mercury  Penetration,  36  X. 
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irom  the  total  volume,  Vt,  and  the  integrated  pore  volume,  V^,  dov  n  to  0.  06^.  The  volume  of 
the  solids,  Vg,  was  measured  separately  and  checked  out  as  \\  -  Vp  within  1%  accuracy.  The 
screen  volumes  of  the  Niedrach-x41ford  electrode  were  calculated  and  determined  after  removal 
of  the  catalyst  layer. 

Work  has  been  started  to  determine  the  structure  by  metallographic  means.  The  firsi 
samples  looked  encouraging  but  refinement  of  embedding  techniques  is  necessary  to  decide  whether 
larger  voids  are  part  of  the  original  structure  or  were  caused  by  the  potting  of  the  samples. 

4.  4.  4.  2  Electrode  Surface  Area  Measurements 

Surface  area  measurementsof  the  catalyst  on  3  x  3  in.  electrodes  with  the  BET-method 
(nitrogen  adsorption)  have  been  started.  The  electrodes  were  welded  into  flat  stainless -steel 
containers  wdth  1/32  in.  clearance  for  measurements.  These  containers  were  leaklight  at  liquid 
nitrogen  temperature  (adsorption)  and  250“C  (de-gassing).  The  steel  envelope  is  sawed  open  after 
the  measurement  is  taken.  1  lie  results  were  evaluated  by  a  computer  program  which  directly 
calculated  the  specific  surface  area.  Table  XXXIII  gives  the  surface  areas  of  four  Niedrach-Al- 
ford  electrodes.  Electrodes  5118,  3168  and  3204  are  standard  electrodes  with  platinum  black  of 
24  m^/gr  original  surface  area  and  10%  Teflon  binder.  Considering  the  nominal  platinum  loading 
of  the  total  electrode  area  the  surface  areas  of  the  catalyst  came  out  to  be  4.2,  10.4  and  7.0m^/gr 
which  is  quite  a  reduction  of  the  original  value. 

TableXXXIVshows  the  surface  areas  of  platinum  black  samples  which  have  been  heat- 
treated  in  air  for  20  minutes.  There  is  no  sintering  effect  up  to  bOu'^F  and  a  slight  one  at  660'^F. 
Therefore,  masking  of  the  surface  area  by  the  binder  or  lowering  of  the  sintering  temperature  by 
reducible  matter  may  be  responsible  for  the  large  losses  during  electrode  manufacturing.  After 
the  measurement  on  electrode  3204,  the  catalyst  was  dissolved  in  aqua  regia  and  the  surface  of 
the  remaining  screen  and  porous  binder  measured  again.  As  can  be  seen  from  Table  XXXIII,  the 
contribution  to  the  surface  area  is  nil.  Electrode  5167  was  made  with  a  high  surface  area  plati¬ 
num  black  (33  m^/gr)  which  may  have  a  greater  tendency  for  sintering  and  thus  explain  the  low 
area. 

The  electrodes  were  scratched  after  ^  st  because  the  sample  holder  was  too  tight.  A 
larger  gap  in  the  new  holders  will  remedy  the  fault  and  will  prevent  damage  to  the  specimen. 


TABLE  XXXIII 


Surface  Area  of  3x3 

in.  Niedrach-Alford  Electrodes 

Total 

Electrode 

Area 

Pt  -  loading 

Specific  area 

No, 

(m^ ) 

(gr) 

(m“/gr) 

sushi' 

9.2 

2.  16 

4.2 

3168=!= 

22.4 

3.24 

10.4 

3204* 

22.  7 

2.16 

7.0 

3204  ** 

0 

None 

None 

5 1 6  7  * 

4.  9 

2.  16 

2.3 

*  5118  new,  3168, 

3204  and  5167  measured  after  performance  tests. 

**  Platinum-black 

removed. 

TABLE  XXXIV 

Surface 

Areas  of  Heat-Treated  Platinum  Black  (20 

Minutes  at  Temperature) 

Temperature  (°F) 

Specific  S 

urface  Area 

(m*/gr) 

300 

25.2 

400 

25.  3 

500 

25.9 

600 

25.  9 

660 

22.4 

None 

25.0 

4.4.5  Failure  Analysis  (Dr.  M.  Gloor) 

The  results  of  previous  work  (1)  indicated  that  the  cracking  of  the  catalyst  layer  of 
Niedrach-Alford  electrodi. 3  is  probably  due  to  the  instability  of  platinum  black  in  hot  phosphoric 
acid,  especially  under  reducing  conditions.  These  experiments  were  performed  on  electrode 
coupons  (samples  cut  from  standard  size  test  electrodes).  It  was  of  interest  to  observe  changes 
of  suiiace  area  of  platinum  black  powders  which  were  subjected  to  the  same  testing  conditions. 
Table  XXXV  summarizes  the  results  obtained  by  treating  platinum  black  samples  in  85%  phosphoric 
acid  at  150^C  with  various  gases  bubbling  through  the  samples. 


(1)  Technical  Summary  Report  No.  5,  Jan  1  -  June  30,  1964,  ARPA  Order  No,  247,  Contract  No. 
DA44-009-ENG-4904  and  DA  44-009 -AMC -479  (T).  P.  4-96. 
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The  platinum  black  samples  were  immersed  iii  40  uf  85%  H3PO4  for  276  hours.  Then 
the  acid  was  diluted,  the  samples  allowed  to  settle  and  the  liquid  decanted.  The  samples  weie 
washed  free  of  acid  wdth  distilled  water  at  least  eight  times  and  separated  from  the  liquid  by 
means  of  a  centrifuge  (settling  proved  to  take  tr  n  long).  The  untreated  platinum  black  yielded 
24.  9  m^/gr  area.  A  blank  immersed  for  two  days  in  cold  phosphoric  acid  was  given  the  same 
w'ash  treatment.  The  unchanged  area  of  24.7  m^/gr  proved  that  the  rinsing  was  adequate.  The 
platinum  black  samples  that  were  ;n  contact  wdth  hydrogen,  propane,  and  nitrogen  suffered  losses 
in  surface  area  of  -58%,  -37%,  anc’  -20%,  respectively,  which  supports  the  evidence  for  catalyst 
instability  found  on  electrode  coupons.  The  samples  tested  with  oxygen  and  no  gas  (air  over  the 
solution)  showed  increases  in  surface  area  cf  +25%  and  +8%,  respectively.  Platmum  w’as  found 
in  the  phosphoric  acid  (acid  +  first  rinse)  as  indicated  in  Table  XXXV,  It  is  obvious  that  hydrogen 
and  propane  precipitate  any  dissolved  platinum  or  suppress  its  dissolution. 

TABLE  XXXV 

Change  In  Surface  Area  of  PlatinutTi  Black  Treated  with  hot  Phosphoric  Acid  and  Various  Gases 


Sample 

Gar 

Surface  Area 
(m^  /  gr) 

Area  Change  After 

T reatment  (%) 

Pt  in  Solution 
(mg) 

Unt  reated 

_  - 

24.9 

>> 

Eiark 

-- 

24.  7 

None 

-- 

1  1 

None 

26.9 

00 

86 

12 

O3 

31.3 

+  25% 

145 

13 

Ha 

10.4 

-58% 

None 

14 

Na 

19.9 

-20% 

170 

15 

CaHs 

15.  7 

-3  7% 

None 

lest  Conditions: 

Approximately  4  gr  of  platinum  black  +  40  cc  of  85%  H3PO4 ,  150°C,  276  hours. 
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3.8  Conclusions 


Inclusion  of  asbestos  fibers  in  the  catalyst  binder  mixture  substantially  increased  the 
crack  resistance  of  the  electrodes.  Performance  is  comparable  to  the  standard  electrodes  with - 
ou.  asbestos,  i.e.,  no  loss  is  encountered  from  the  resulting  catalyst  dilation. 

Experiments  with  various  thicknesses  of  wetproofing  films  established  that  fluffy  films 
approximately  10  times  the  standard  loading  result  in  good  reproducible  performance  equal  to  that 
of  the  best  standard  electrodes.  It  is  believe.,  that  the  film  decreases  the  leak  rates.  Wetproofing 
films  applied  under  c  ir.ditions  which  should  produce  better  adherence  and  some  penetration  into  the 
electrode  did  not  show  performance  improvements. 

Dua’  layer  electrodes  composed  of  layers  of  different  Teflon  content,  or  an  inert  tantalum, 
and  an  active  platinum  layer,  with  sandwiched  wetproofing  fibers,  show  good  crack  resistance  but 
only  fair  to  good  performance  up  to  30-50  ASF.  Performance  reproducibility  is  not  satisfactory. 
Leachable  spacing  powders  in  the  inert  layer  were  found  to  be  beneficial  in  that  they  facilitate  gas 
diffusion. 

Catalyst  decals  applied  with  low  pressures  to  a  tantalum  substructure  show  fair  to  good 
performance:  however,  poor  adhesion  of  the  active  decal  results  >n  short  life. 

Tantalum -platit.um  catalysts,  used  for  decreased  catalyst  recrystallization,  were  deficient 
in  performance. 

Varied  manufacturing  pressures  and  a  thinner  type  of  screen,  each  tried  separately  -  did 
not  change  the  performance  appreciably  compared  with  a  standard  electrode. 

With  the  variety  of  independent  technology  developments,  a  "new  standard"  electrode  has 
been  designated  for  the  development  program  objccti'  e.  The  electrode  is  envisioned  to  incorporate 
10  mg/cm^  of  platinum -ruthenium  catalyst  on  a  B4C  substrate,  pressed  on  a  tantalum  screen  with  a 
Teflon  binder  which  is  reinforced  with  asbestos.  The  wetproo/.ing  film  will  be  comparable  to  the 
present  standard  electrode.  Development  efforts  are  aimed  at  identifying  material  composition  and 
fabrication  processes  which  will  result  in  performance  comparable  to  the  previous  standard. 
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4.5  ELECTROCHEMICAL  CELL  LIFE  TESTING(P.  J.  Chludzmski /  J  .  Loaiion) 

The  cell  life  testing  effort  is  designed  to  evaluate  the  performance  of  a  variety  of  elec¬ 
trode  compositions,  using  phosphoric  and  hydrofluoric  acid  electrolytes  and  a  variety  of  hydro¬ 
carbon  fuel  compositions.  The  life  test  pr'^gram  has  proven  to  be  au  invaluable  tool  in  providing 
the  essential  feedback  for  evaluating  the  progress  and  effectiveness  of  program  research  and 
developments . 

A  scries  of  long-duration  life  tests  was  conducted  during  this  reporting  period,  in¬ 
volving  a  total  of  29  cells,  employed  in  44  different  combinatio.as .  Additiona' ly ,  tests  oi  an 
evaluating  nature  such  as  water  balance  control,  pulsed  performance  teohniques,  and  barrier 
film  water  vapor  suppression  were  performed.  A  summary  of  electrochemical  cell  life  testing 
data  is  contained  in  Appendix  5.  Results  of  these  tests  are  presented  and  discussed  in  this 
section. 

4.5.1  Phosphoric  Acid  Elecriolyte 

This  section  describes  the  tests  performed  using  various  combinations  of  anode/cathode 
compositions  and  reactants  xedth  phosphoric  acid  electrolyte. 

Views  of  the  test  stand  used  in  the  cell  life  testing  work  are  shown  in  Fig.  137.  Ad¬ 
ditionally,  work  on  pulsed  performance  and  barrier  films  for  water  vapor  pressure  suppression 
is  discussed. 

4.  5.  1,1  Cell  LT-7  Iso-octane  Phosphoric  Acid/Air 

Total  operating  time  for  the  cell  with  these  electrodes  was  1990  hours.  Average  oper¬ 
ating  current  density  for  the  first  1100  hours  was  5  amps/sq  ft;  the  remaining  part  of  the  test  was 
performed  at  an  average  current  density  of  10  amps/sq  ft. 

The  first  336  hours  of  test  was  performed  at  300°F  (149°C),  and  the  remainder  at 
350°F  (177’C).  Comparative  performance  for  various  points  in  the  test  is  shown  in  Figs.  138  - 
141.  Comparison  performance  at  0.45  VDC  shows  an  initial  output  of  20  amps/sq  ft  degrading 
to  15  amps/sq  ft  aiier  330  hours  of  operation  at  300®F  (149°C).  Fig.  139  is  a  comparison  of  per¬ 
formance  at  the  same  concentration  for  300'^F  {149°C)  and  350“F  (177°C).  High-temperature  per¬ 
formance  at  0.45  volt  shows  an  initial  output  of  25  amps/sq  ft,  degrading  to  15  and  10  amps/sq  ft 
after  1030  and  1650  hours,  respectively. 

For  1650  hours  of  operation  with  cathode  back  pressure  equal  to  7.5  inches  HsO,  there 
w'as  no  detectable  leakage  of  electrolyte  to  the  cathode  (air)  stream.  In  the  anode  (fuel)  stream, 
electrolyte  leakage  was  .liidetectable  when  the  back  pressure  was  increased  to  10  inches  H3O. 

After  1900  hours  of  operation,  failure  was  induced  by  loss  of  electrolyte  head  and  pti  - 
f^ration  of  electrodes.  The  cell  was  shut  down  when  electrolyte  became  markedly  discolored 
with  corrosion  products  ...nd  could  not  sustain  a  load. 
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Fig.  137  Ceil  Life  Test.  Stand 
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CELL  LT-7 
ISO-OCTANE  a  AIR 
TEMPOSO'F  CONC‘956% 

TIME '1034  hours 

WATER  TO  ANODE  IN  SAME 
VOLUMETRIC  FLOW  RATE  AS  ISO-C|Hm 


Water  transport  was  checked  at  the  cathode  at  various  times  during  the  test  at  various 
electrolyte  concentrations  and  temperatures.  It  was  noted  that  the  maximum  deviation  from  the 
empirical  formula  of  the  previous  report  (1)  is  20%,  See  Table  XXXVI, 


TABLE  XXXVI 

Cell  LT-7  Water  Transport  Rates 


Ope  rating 

Time  (Hrs) 

H3PO4 

Cone .  (%  wt. ) 

Temp.  Calculated  Rate’^'  Actual 

(°F)  (ml/hr)  Rate  (ml/hr) 

120 

92.0 

300 

1.  72 

1 . 44 

300 

92.4 

300 

1, 64 

1.40 

600 

97.  0 

300 

0.  75 

0.  72 

900 

95.  5 

350 

0.  935 

0.  84 

1000 

96.  0 

350 

0.  80 

0.  72 

3/3 

=•'  From  formula  R 

=  Kps  Rg 

where: 

R 

=  rate  of  water  transported,  in  moles/sec 

K 

=  1 ,4  X  10"' 

ps 

=  vapor  pressure 

of  water  above  the  electrolyte  at  the 

cell  temperature 

Re 

=  Reynolds  Number  for  air  flow  for  free  HgO  transport  through  electrodes 

4.  5.  1, 2  Cell  LT- 

8  n-Octane/Phosphoric  Acid/ Air 

This  cell 

.  is  still  operating 

after  3940  hours  on  tests. 

Performance  curves  are  shown 

in  Figs.  142-144. 

Initial  performanc 

e  of  this  cell  was  not  of  a 

high  level. 

The  cell  is  being  op- 

erated  to  obtain  long-life  data  for  future  cu.o.parison  purposes  and  as  a  test  vehicle  for  pulse 
technique  investigation. 

The  degradation  of  output  wdth  time  is  apparent  from  a  comparison  of  performance 
plots.  Initial  performance  at  0.45  VDC  does  not  decrease  markedly  after  1000  hours  of  opera¬ 
tion,  although  the  short  circuit  current  capability  has  decreased  by  almost  50%.  After  2300 
hours  on  test,  the  useful  output  at  0.45  volt  decreased  to  almost  25%  of  the  original  current 
density.  During  3800  hours  of  testing  on  this  cell,  electrolyte  leakage  to  cathode  is  unde*’ect- 
able.  Cathode  stream  back  pressure  has  been  maintained  at  3  inches  HsO.  Maximum  electrolyte 
leakage  to  anode  stream  after  3800  hours  of  operation  is  1  ml/hr  at  a  back  pressure  of  3,5  inches 
H.jO,  For  the  initial  1500  hours  of  the  test,  electrolyte  leakage  was  less  than  0.  i25  ml/hr. 


(1)  Technical  Summary  Repo’-t  No.  5,  H/droca rbon-Ai r  Fu  1  Cells.  Jau  1-June  30.  1964, 
ARPA  Order  No.  247,  Contract  Nos  DA  44-009-ENG-4909  and  DA  44-009-AMC-479  (T). 
p.  4-120. 
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Fig,  144 

For  the  first  1500  hours,  the  cell  was  operated  at  an  average  current  density  of  7 
amps/sq  ft.  For  the  remainder  of  the  test,  cell  output  was  reduced  to  an  average  of  5  amps/ 
sq  ft.  Cycling  occurred  five  times  per  hour  at  the  7  amps/sq  ft  level  and  approximately  twice  per 
hour  at  the  5  amps/sq  ft  level. 

4.5.  1.3  Cell  LT-9  Propane/ Phosphoric  Acid/Aii 

To  this  report  date,  total  operating  time  on  this  life  test  cell  is  3286  hours.  The  test 
has  been  run  continuously  except  for  three  interruptions.  After  2060  hours,  the  propane  supply 
tank  became  exhausted.  After  2180  hours,  the  electrolyte  pump  failed.  After  3115  hours,  an  open 
circuit  in  a  control  circuit  cut  off  power  to  the  test  stand.  In  each  case,  the  cause  of  failure  was 
corrected  and  testing  resumed  within  two  hours. 

Operation  for  the  first  four  hours  was  with  n-pentane  and  air.  Performance  curves  for 
propane  show  cell  performance  vs.  time.  The  curves  of  Fig.  145  show  relative  performance  at 
different  electrolyte  concentrations  at  300^ F  (149° C).  At  a  cell  potential  of  0,45  volt,  there  is 
an  increase  in  current  of  220  ma  (approximately  4.4  amps/sq  ft)  for  the  H3PO4  concentration 
of  88.6%,  as  compared  to  that  at  96.2%. 

Fig.  146  shows  the  influence  of  time  with  electrolyte  maintained  at  approximately  the 
same  concentration  (101%).  After  1200  hours  performance  at  this  concentration,  electrical  output 
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has  def’ayed  from  360  m\  at  20  amps/sq  ''i  laftex'  50  hours  of  test)  to  260  mv  at  the  same  current 
density.  Short  circuit  current  rpability  has  been  almost  halved.  Maximum  current  density  at¬ 
tained  after  1200  hours  at  100%  H3PO4  concentration  is  only  30  amps/sq  ft. 

After  1850  hours,  as  shown  in  Fig.  147,  there  is  a  marked  increase  in  performance. 
Electrolyte  concentration  was  still  approxima'  '  y  i00%  H3PO4.  Short  circuit  current  capability 
1.1.3  increased  to  almost  50  amps/sq  ft.  At  20  amps/sq  ft,  cell  potential  had  decayed  from  the 
original  value  of  7.2  A.S.F.  after  50  hours  to  only  6-  7  A.S.F.  It  is  noted  that  during  the  250 
hours  prior  to  obtaining  this  polarization  curve,  t.ie  cell  was  activated  daily  by  driving  anode  po¬ 
tential  to  a  value  greater  than  850  mv.  vs.  hyciogen  potential  for  a  one-minute  interval. 

The  cell  was  operated  for  a  period  in  excess  of  2600  hours,  maintaining  the  electrolyte 
concentration  at  100  ±  1%  H3FO4,  to  determine  performance  for  self-sustaining  operation  at  this 
concentration.  The  only  make-up  electrolyte  added  was  100%  H3P04  to  satisfy  leakage  to  cathode 
(air)  stream.  During  this  period,  average  output  was  15-18  amps/sc  ft.  Air  flow  was  maintained 
at  three  times  stoichiometric  require  nent  and  propane  flow  at  12  times  stoichiometric. 

After  2665  hours  of  testing,  water  was  introduced  into  the  air  stream  to  evaluate  the  ef¬ 
fect  of  electrolyte  concentration  on  performance.  At  a  flow  rate  of  0.036  cc/min.  liquid  water. 


CELL  LT-9 
PROPANE /HJPO4 /AIR 
T»300*F  C0NC*99.5% 
1850  HOURS 


BLANK  PAGE 


the  acid  concentration  was  maintained  at  91  ±  1%  H3PO4.  Figure  148  shows  a  performance  curve 
of  the  cell  at  an  electrolyte  concentration  of  92%  at  300°F  {149°C)  after  2760  hours  of  operation. 
At  20  amps/sq  ft,  DC  potential  is  100  mv.  At  the  start  of  lest  the  corresponding  voltage  was  ap¬ 
proximately  465  mv,  Short  circuit  current  capability  has  been  reduced  from  approximately  60 
to  48  amps/sq  ft. 

After  3187  hours,  performance  was  again  checked  after  reducing  water  feed  to  fuel 
stream  to  0.018  cc/min.  and  stabilizing  electrolyte  concentration  at  95  xl%  H3PO4.  Also  plotted 
on  Fig.  148,  are  cell  characteristics  at  this  time  and  acid  concentration  of  94.  1%.  There  is  no 
marked  difference  in  performance  except  for  an  increase  in  short  circuit  current  capability. 
Again,  the  anly  explanation  for  the  increased  performance  was  the  fact  that  the  cell  was  acti¬ 
vated  for  a  few  days  prior  to  the  performance  run  when  anode  potential  was  maintained  above 
900  mv  for  one  minute  daily. 

During  the  first  2280  hours  of  operation,  no  leakage  was  detected  in  the  anode.  After 
this  period  and  up  to  3000  hours,  leak  rate  to  anode  was  approximately  0.  37  ml/hr.  Anode  back 
pressure  was  maintained  above  7  inches  HgO. 

Leakage  in  the  cathode  was  apparent  after  400  hours  of  operation  when  cathode  back 
pressure  was  reduced  from  9  to  3  inches  HaO  to  damp  out  a  reference  voltage  fluctuation  on  the 


Fig.  148 
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recorder  trace.  After  2000  hours  oi  operation,  maximum  leakage  is  0.  37  ml/hr  at  a  cathode  back 
pressure  of  2.5  inches  HaO.  After  3^.0  hours  with  back  pressure  at  4  inches  HgO,  leakage  was 
0.31  ml/hr. 

During  the  first  1500  hours  of  operation,  the  cell  cycled  once  every  50-100  hours  at 
current  densities  of  15-18  amps/sq  ft.  After  this  period  cycling  was  not  detectable,  due  to  the 
periodic  activation  of  the  cell. 

4.5.  1.4  Decane  (liquid)/Phosphoric  Acid/Air 

Because  decane  is  liquid  at  cell  operating  temperature,  the  anode  compartment  of  this 
cell  test  fixture  was  modified  to  accommodate  a  liquid  fuel  feed.  Three  fuci  electrodes  (LT-10, 
LiT-ll  and  LT~12)  were  tested  before  a  satisfactory  compromise  between  fuel  leakage  through 
the  electrode  and  performance  was  attained. 

A.  Cell  LT-10 

LT-10  (Standard  Electrode)  was  operated  for  three  hours  before  it  was  shut  do'vn 
because  of  decane  leakage  into  the  electrolyte.  The  approximate  leakage  rate  was  4  ml/hr.  Tfie 
test  set-up  was  modified  to  provide  a  constant  head  feed  of  fuel  to  the  a.'iode  chamber.  Perform¬ 
ance  is  shown  in  Fig.  149. 


Fig,  149 
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B. 

LT-ll  '50%  I 50%  T-7  with  a  5  mg/sq  in  T-30  fiim)  was  operated  for  24  hours 
and  shut  down  due  to  poor  performance  and  decane  leakage  to  electrolyte  of  approx  mately  I  ml/hr. 
Performance  is  shown  in  Fig,  149* 


C.  Cell  LT-12 

LT - 1 2  (FEP  Film  Sprayed  on  Standrard  20%  T-30,  90%  Pt  Catalyst  Mix)  was  started 
up  at  255° F  (124°C).  There  was  no  detectable  leakage  of  uecane  to  the  electrolyte  for  the  first 
500  hours  of  operation,  although  decane  transport  to  cathode  exhaust  was  noted  after  24  hours  of 
operation.  The  rate  of  decane  transport  remained  approximately  constant  at  .035  ml/hr  up  to 
980  hours  of  operation.  Performance  curves  are  shown  in  Fig.  150  for  decane  and  air  at  255^F 
(124''C)  after  2  and  28  hours  on  test.  After  170  hours,  cell  temperature  was  raised  to  275°F 
(135'C).  Performance  curves  of  Fig.  151  indicate  polarization  after  170  and  450  hours  at  this 
temperature.  After  500  hours,  cell  temperature  was  increased  to  285°F  (i41°C}.  Fig.  152  shows 
performance  at  the  increased  temperature.  After  980  hours,  the  cell  was  shut  doivn  to  replace 
the  cathode  which  was  leaking  electrolyte. 


Fig.  150 
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D.  Cell  LT-19 


This  cell  (same  anode  at  LT-1^)  was  mai;’.':?inod  at  300^F  (149°C).  The  new  cathode 
was  a  standard  electrode.  After  120  hours  of  operation,  (total  FEP  anode  time  =  1100  hours)  the 
performance  curve  in  Fig.  152  was  taken.  Performance  is  shown  to  be  degrading  from  that  at  795 
hours  and  285' F  (141°  C). 

After  500  hours  of  operation  (FEP  anode  time  =  1480  hours)  there  was  a  notice¬ 
able  reaction  product  buildup  in  the  anode  compartment  which  w-as  settling  out  into  the  fuel  reser¬ 
voir  attached  to  bottom  of  cell  fuel  inlet.  This  was  causing  serious  performance  degradation. 
Draining  and  flushing  of  the  anode  chamber  reactivated  the  cell  for  approximately  8  hours,  after 
which  cycling  stopped  and  output  declined  to  as  low  as  2.0  A.S.F.  at  40  mv  cell  potential. 

With  816  hours  (FEP  anode  time  =  1796  hours)  testing  of  cell  LT-19,  another 
polarization  curve  was  taken  at  300°F  (149°C)  after  draining  and  flushing  the  anode  cliamber  of 
reaction  product  buildup.  This  curve  is  inch  in  Fig.  152.  After  818  hours  of  operation  of 
LT-19,  (total  FEP  anode  time  =  1798  hours)  the  cell  v/as  shut  down  to  replace  the  anode.  Inspec¬ 
tion  of  the  anode  revealed  pinpoint  holes  and  considerable  brown  deposit  on  the  fuel  side  of  the 
electrode. 


E.  Cell  LT-30 

This  cell  has  been  in  operation  for  250  hours.  Performance  after  24  hours  of  life 
testing  is  plotted  in  Fig.  153.  The  cell  has  been  cycling  at  9-10  cycles/hour.  In  order  to  obtrin 
comparable  performance,  the  standard  practice  of  activating  the  cell  tc  ode  potential  of  350  to 
1000  mv  was  used.  Cell  voltages  and  current  were  then  recorded  after  a  three  minute  wait  for 
stabilization.  As  current  level  increases,  cell  output  becomes  more  unstable. 

The  average  output  for  this  time  period  was  26.0  A.S.F,  at  300  mv.  Water  is 
being  added  to  the  air  stream  to  maintain  electrolyte  at  a  given  concentration,  i.e.,  95  wt.  % 
H3PO4. 

4.  5.  1. 5  Pulsing  Evaluation 

^  In  conjunction  ’vith  life  testing,  an  attempt  is  being  made  to  determine  possible  perform¬ 
ance  gains  and  to  define  significant  parameters  to  improve  fuel  cell  performance. 

As  a  beginning,  cell  LT-8  operating  on  n-octane  and  air  was  manually  pulsed  to  ascer¬ 
tain  any  obvious  performance  gain.  The  cell  was  allowed  to  operate  at  its  normal  output  of  5.0 
A.S.F.  at  250  mv.  By  means  of  a  Kordesch-Marko  bridge  the  cell  was  loaned  to  25  A.S.F,  (anode 
potential  to  800  mv  vs.  hydrogen  electrode).  The  pulse  duration  was  5  seconds  and  was  induced 
every  5  minutes  for  a  one-hour  period.  The  average  ovitput  increased  from  5.0  A.S.F.  at  250  mv 
(cell  had  been  cycling  at  this  load  twice  per  hour)  to  5.6  A.S.  F.  at  270  mv.  When  operating  at 
this  discharge  pulse  frequency  and  duration,  cell  output  tended  to  degrade  wdth  time.  Increasing 
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Fig.  153 

pulse  duration  to  10  seconds  showed  no  marked  i.icrease  in  output  and  no  attenuation  in  slope  of 
Output  degradation. 

An  estimate  of  the  power  gain  associated  with  this  pulsed  discharge  over  a  one-hour 
period  yielded  a  net  energy  gain  of  approximately  19%. 

It  is  noted  that  this  testing  was  only  performed  for  a  two-hour  period,  manually  con¬ 
trolled,  and  that  initial  performance  of  this  test  cell  was  very  much  degraded.  Also  since  the 
pulsed  output  was  obviously  degrading  with  time,  no  definite  conclusions  can  be  drawn  until  an 
automatic  testing  sequence  is  set  up  on  a  normally  performing  cell  for  extended  periods, 

A.  Automatic  Pulsing  Equipment 

In  order  to  further  evaluate  performance  gains  duo  to  periodic  cell  activation 
(pulse  discharge  techniques)  au  automatic  pulsing  device  consisting  of  the  Kordesch-Marko  type 
bridge  circuit  equipped  with  automatic  electronic  timers  to  control  pulse  intervals  and  pulse 
durations  v/as  built,  A  schematic  of  the  eouipment  is  shown  in  Fig.  154. 

When  the  equipment  is  in  the  cell  circuit,  a  variable  resistance  controls  cell  cur¬ 
rent  at  a  fixed  value  for  a  given  time  interval  controlled  by  a  timer.  At  the  completion  of  this  in¬ 
terval,  a  second  timer  switches  the  cell  output  to  a  lower  resistance  (deep  discharge  pulse)  for  a 
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Fig.  154  Pulsed  Discharge  Circuitry  Schematic 

short  period.  The  second  timer  then  switches  out  and  the  cycle  is  cont:’ luously  repeated  in  this 
fashion. 

Cell  LT-8,  was  again  used  as  a  test  specimen  for  evaluation  of  the  equipment. 

After  approximately  3400  hours  of  operation,  this  a-octane/H3P04/air  fuel  cell  was  pulsed  for  a 
duration  of  3  seconds  every  3  minutes.  Current  output  was  maintained  at  a  constant  value  of 
9.  0  A.S.  F.  Average  voltage  output  from  the  cell  was  0.290  volt  during  the  3  minute  pulse  inter¬ 
val.  The  cell  operated  approximately  1  hour  at  this  pulse  duration  before  anode  overvoltage 
caused  cell  deactivation.  With  the  pulse  interval  adjusted  to  2  minutes  and  current  reduced  to 
8.0  A.S.F..  the  cell  operated  for  3  hours  without  deactivation,  at  an  average  output  of  8.0  A.S.F. 
at  320  mv.  Prior  to  pulsing,  the  cell  had  been  operating  at  5.6  A.S.F.  and  210  mv.  Thui  fa;, 
cells  have  not  been  subjected  to  continuous  pulsing  for  periods  greater  than  8  hours. 

4.  5.  1.6  Evaluation  of  Barrier  Films  For  Water  Vapor  Pressure  Suppression 

Test  ce'.'s  LT-13,  14,  and  15  were  used  as  specimens  to  evaluate  an  loplex  membrane 
saturated  with  phosphoric  acid  {as  obtained  from  Amicon  Corp.,  Cambridge,  Mass.).  In  all 
cases,  the  cells  were  operated  on  lso-octane/H3P04,/air. 
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The  three  separate  tests  used  for  the  film  evaluation  consisted  of;  1)  pressing  the 
approximately  2  mil  thick  membrane  to  the  electrolyte  side  of  a  standard  cathode  and  collecting 
water  in  a  silica  gel  drying  column  in  the  cathode  exhaust;  2)  pressing  the  membrane  to  elec¬ 
trolyte  side  of  both  electrodes  and  measuring  water  transport  in  both  exhaust  streams;  and 
3)  measuring  water  transport  across  two  standard  electrodes  v/ith  no  film  presse-^  to  either 
electrode.  Experimental  results  are  presented  in  Table  XXXVIl.  The  experimental  rates  for 
water  transport  across  t;  ,?  membrane/ electrode  matrix  are  somewhat  lower  than  the  calculated 
rates  from  the  equation  as  stated  in  Table  XXXVI. 


TABLE  XXXVIl 

Water  Transport  with  loplex  Membrane 


Test 

Weijgit  HsO 
;gt«) 

Time 

(hr) 

H3P04  Cone. 
Start /End 
(wt.  %) 

Cell 

Temp. 

(°F) 

Pg  Avg 
(mm  Hg) 

R,  Actual 
(cc/hr) 

R,  Calc, 
(cc/hr) 

No  1 

10.38 

28 

85-90 

250 

160 

0.370 

0.435 

Membrane  on 

cathode 

11.50 

68 

90-95 

75 

0.  169 

C.205 

No  2 

12.53 

76 

93-97 

235 

85 

0.  167 

0,  230 

Membrane  on 
both  electrodes 

2. 

40 

97-98 

45 

0.067 

0.  122 

No  3 

16.  19 

71 

85-93.8 

250 

95 

0.228 

0.259 

Standard  electrodes, 
no  membrane 

2.  05 

25 

93.  8-95. 1 

55 

0.082 

0.  150 

Althcugh  the  tests  were  not  critically  controlled  as  to  electrolyte  concentration,  the 
initial  results,  did  not  warrant  <a  more  sophisticated  test  set-up  and  evaluaticn  of  the  loplex  mem¬ 
brane  for  water  balance  control  was  discontinued.  Performance  of  the  cells  v/as  not  significantly 
altered  by  the  presence  of  the  lopilex  at  the  electrolyte  interface.  Also,  thes  v  embranes  dis¬ 
played  discoloration  (possible  degradation)  and  brittleness  after  expose”  f.o  the  environmental 
conditions . 

4.5.  1.7  Conclusions 

A.  Phosphoric  Acid  Electrolyte 

A  cell  (LT-9)  operating  with  propane,  aqueous  phosphoric  acid,  and  air  demon¬ 
strated  life  in  excess  of  3280  hours.  \  ico-octane,  phosphoric  acid  air  cell  (LT-7)  operated 
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for  1990  hours  before  failure.  A  cell  (LT-8)  composed  of  n-octane,  phosphoric  acid,  and  air 
demonstrated  life  in  excess  of  3850  hours. 

Electrode  failures  early  in  life  test  have,  in  general,  been  caused  by  dclamiivation  of 
catalyst  mix,  and  excessive  cracking  ..  nd  separation  of  the  catalyst  from  the  electrode  screens. 

Electrolyte  invariance  is  obtained  with  v.-t.  %  of  100±  1%.  However,  performance 

is  decreased.  This  indicates  a  possibility  of  obtaining  moisture  balance  of  the  complete  cell. 

Rate  of  water  transport  at  cell  temperature  and  phosphoric  acid  concentration  can  be 
estimated  based  on  engineering  studies,  and,  consequently,  acid  concentration  can  be  stabilized 
by  water  feed  control  to  fu'  '  stream. 

Decane  which  is  liquid  at  cell  operating  temperature  (300°F/ 1 40®C)  was  reacted  with 
air  and  phosphoric  acid  electrolyte  for  1798  hours.  Initial  problems  of  decane  to  electrolyte 
leakage  (mixing  of  electrolyte  and  fuel  phases)  can  be  corrected  by  replacing  the  T-30  film  of 
standard  electrodes  with  an  FEP  film  on  the  fuel  side  of  the  electrode. 

Perform.ance  decay  with  time  has  been  exliibited  on  all  hydrocarbon/air  fuel  cells  with 
phosphoric  acid  electrolyte.  The  reason  for  this  decay  is  not  known  at  this  t.me.  Reaction  prod¬ 
uct  build-up  on  the  fuel  side  of  the  anode  is  considerable  in  all  long-life  cells  examined  thus  far. 
Cells  cat.  <i  reactivated  at  similar  performance  levels  as  those  obtained  initially,  by  periodic 
deep  discharge  of  the  cell,  as  was  shown  for  propane. 

Cycling  (periodic  fluctuation  of  electrical  output)  has  been  observed  on  all  hydro¬ 
carbon/air  fuel  cells  using  phosphoric  acid  as  the  electrolyte.  From  data  taken  thus  far,  cycling 
frequency  increases  with  carbon  atom  chain  length,  and  with  current  density. 

B.  Pulsing  Evaluations 

Initial  testing  indicate*  .  it  performance  gains  can  be  made  by  periodic  deep  dis¬ 
charge  (pulsing)  of  operating  hydrocarbon-air  fuel  cells  with  phosphoric  acid  electrolyte. 

C.  Barrier  Films 

The  use  of  a  barrier  type  film  on  electrode  surfaces  was  not  successful  in  sup¬ 
pressing  water  vapor  pressure  over  phosphoi'ic  acid  on  cells  operating  from  250  to  285°F  (121 
to  141-*C). 

D.  Performance  Summary 

Performance  on  a  variety  of  hydrocarbon  fuels  illustrative  of  typical  phosphoric 
acid  electrolyte  fuel  cell  life  are  summarized  below: 
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TABLE  XXXVm 


Typical  Cell  Performance 


Test  Cell 

Time  (Hrs) 

Temperature 

Electrolyte 

Concentration  (Wgt.%) 

Power  Density 
(Watts/ fP) 

LT-7 

Iso-Octane/Air 

4 

300 

89 

12.6  @  35  ASF 

334 

300 

92 

10.2  @  30  ASF 

338 

300 

92 

16.6  @45  ASF 

1034 

350 

96 

9.5  @35  ASF 

1657 

350 

100 

8.  25  @  30  ASF 

LT-8 

23 

300 

91 

7.  7  @35  ASF 

5.  75  @  23  ASF 

n-octanc/Air 

484 

o 

o 

93 

6.4  @  22  ASF 

1015 

300 

93 

4.3  @14  ASF 

1600 

300 

101 

0.0  @  23  ASF 

3.  9  @16  ASF 

2335 

300 

101 

2.6  @11  ASF 

LT-9 

5 

300 

89 

14.4  @  50  ASF 

Propane /Air 

27 

'00 

96 

12.5  @  40  ASF 

49 

300 

100 

11.5  @  50  ASF 

9.0  @33  ASF 

1250 

300 

100 

6.  75  @  50  ASF 

5.  25  @  15  ASF 

1850 

300 

100 

0.0  @  50  ASF 

7.5  @  30  ASF 

2760 

300 

92 

0.0  @  50  ASF 

10.4  @  40  ASF 

3187 

300 

94 

11.2  @40  ASF 

LT-i9 

2 

25S 

89 

4.  5  @15  ASF 

Decane/Air 

(Liquid) 

795 

285 

93 

5.2  @15  ASF 

1798 

300 

97 

8.  ?.  @  24  ASF 

LT.30 

De cane /Air 

28 

300 

93 

11.8  @50  ASF 

(Liquid) 

LT-33 

n-octanc/Air 

28 

380 

96 

14.5  @  50  ASF 

4.5.2  Hydrofluoric  Acid  Electrolyte 

A  number  of  cells  were  tested  for  extended  periods  using  constant  boiling  hydrofluoric 
acid  as  the  electrolyte,  with  the  primary  aim  of  substantiating  initial  test  results. 
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The  electrolyte  was  an  aqueous  solution  of  hydrofluoric  acid  (36%  HF  by  weight).  Oper¬ 
ating  temperature  was  107°C  (223°F).  All  material  in  the  electrolyte  circuit  is  Teflcn  where 
practicable.  The  pre-heater  for  HF  is  made  of  platinum  tubing.  Electrolyte  sump  and  constant 
head  tank  are  also  de  of  Teflon. 

The  fuel  (anode)  system  is  also  fabricated  of  Teflon  where  practicable.  In  the  case 
propane,  fue'  exhausts  overboard  through  a  bed  of  KOH  to  absorb  any  HF  leakage  through  elec¬ 
trode.  The  air  side  is  similar  to  the  fuel  system  with  trap  provided  to  absorb  any  HF  leakage. 

4.5.2. 1  Cell  LT-16  Propane/HF/Air 

After  modifying  a  test  stand  to  accommodate  the  boiling  hydrofluoric  acid  electrolyte, 
the  cell  was  operated  for  a  to‘ai  of  40  hours.  A  polarization  curve  taken  after  32  hours  of  opera¬ 
tion  is  shown  in  Fig.  155. 

For  comparison,  in  Fig.  156,  cell  performance  is  shown  r  hydrofluoric  acid 
(azeotrope)  and  two  concentrations  of  phosphoric  acid.  These  cells  vere  not  composed  of  the 
same  electrodes.  The  cell  was  shut  down  after  40  hours  test  time  to  evaluate  the  hexane  and 
octane . 
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Fig.  155  Cell  LT.16  C3Hg/35%  HF/Air 


4-235 


1.2  — 
l.l- 
1.0- 
09- 
0.8- 
0.7- 


1 — I — r 


0.6  h 


£ 


0.5h 


Ul 

«  04 

o 

o 

0.3 


0.2 

0.1 

0 


o  PROPANE/ 37 %  CELL  LT-16 

T»223*F-25  HOURS 

•  PRO«kHE/IOO%  HjPO, /AIR  CELL  LT-9 
T»300*F-50  HOURS 

A  PROPANE /96%  HJPO4/AIR  CELL  LT-9 
300*F-27  hours 
HF  PERFORMANCE- NO  ACTIVATION 
HjPQ<  PEkFORMANCE-CELL  SHOriED  2  0  MIN 
PRIOR  TO  READING 


8  12  16  20  24  28  32  36  40  44  48  52  S6  60 

CURRENT  OENSITY-AMPS/SQ  FT 


Fig.  156  Propane  and  Air  Comparison  of  H^PO^  and  HF  Performance 


4.  5.  2.  2  Cell  i.T-16  Hexane/HF/Air 

The  same  cell  (LT- 16)  was  operated  with  hexane  and  air  as  reactants  for  approximately 
20  hours  befor .  3  elf- shutdown.  Average  output  was  16  A.S.F.  at210mv  ataverage  cell  temperature 
of  223®  F  (106°  C).  Electrolyte  concentration  was  37  wt  %  HF.  After  26  hours  total  ope  rating  time,  the 
cell  was  shut  down  by  a  testing  problem  due  to  erratic  output  caused  by  hexane  vaporization  in  the 
pump  soleno  ds  and  consequent  unsteady  fuel  flow.  Water- cooling  has  .now  been  added  to  these  valves . 

4.  5.  2.  3  Cell  LT-20  Octane  {Liquid)/HF/Air 

The  test  stand  was  equipped  with  a  liquid  fuel  anode  chamber  and  FEP  coated  anode  for 
evaluation  of  liquid  octane  w'ith  the  constant  boiling  hydrofluoric  acid  electrolyte.  Average  con¬ 
centration  was  37  ±  0.  5  wt  %  HF.  The  cell  was  continuously  operated  for  a  100  hour  period  at 
225®F  {107°C). 

A  polarization  curve  taken  at  50  hours  with  a  cell  temperature  of  230'’ F  (HO^C)  ij 
shown  in  Fig.  157.  A  polarization  curve  for  n-octane/H3P04  /  Air  is  included  in  Fig.  157  for  com¬ 
parison. 

During  the  100  hours  of  testing  with  octane/HF/ai r  on  Cell  LT-20,  it  was  significant  that 
no  anode  voltage  cycling  became  evident.  On  the  other  hand,  with  H3PO4.  Cell  LT-3  3  cycles  10-15 
times  per  hour. 


4-236 


Fig.  157  Cells  LT-20  and  LT-33,  Comparison  of  T)  Octane  (Liquid)/ 

HF/Air  and  T)Octane/H  PO^/Air 

4.  5. 2. 4  Hydrofluoric  Acid/Cesium  Fluoride  Electrolyte 

After  completion  of  boiling  hydrofluoric  acid  testing,  an  evaluation  of  HF/CsF/HsO 
electrolyte  was  attempted.  Hydrofluoric  acid,  cesium  fluoride,  rnd  water  were  combined  in  a 
mole  percentage  of  60/30/10%,  respectively,  in  an  attempt  to  analyze  performance  at  high  tem¬ 
perature  over  the  boiling  point  of  aqueous  hydrofluoric  acid.  The  cells  were  operated  at  300°F 

(149"C).  Tes  mg  problems  were  encountered  in  this  work  and  no  conclusive  life  tests  have  been 
run  yet. 


4.  3.  2.  5  Conclusions 

Cells  operated  with  Azeotropic  aqueous  hydrofluoric  acid  and  n-octane  at  223°F  (i06°C) 
exhibited,  none  of  the  cycling  characteristics  ofcells  ope  rated  with  phosphoric  acid  at  300°  F  (149°  C). 

As  of  this  reporting  period,  performance  with  hydrofluoric  acid/cesium  fluoride  electro¬ 
lyte  and  3-in.  by  3-in.  electrodes  has  not  achieved  the  levels  reported  previously  (2)  for  the  11.38 
cm®  electrodes.  Chaser  control  of  electrolyte  composition  will  be  attempted  with  more  rapid  ana¬ 
lytical  procedures  which  are  being  developed.  Four  electrode  pairs  have  been  evaluated  thus  far 
v/ith  no  marked  improvement  over  the  constant  boiling  HF  electrolyte  performance. 
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2.  Ibid.  p.  4-41  through  4-47. 


Performance  Summary 

Performance  on  two  different  hydrocarbon  fuels  illustrative  of  typical  hydrofluoric 
acid  electrolyte  fuel  cell  life  are  summarized  below. 


TABLE  XXXIX 
Typical  Cell  Performance 


TEST  CELL 

TIME  (Hrs) 

Temp.  (°F) 

ELECTROLYTE 
CONC.  (Wgt.  %) 

POWER  DENSITY 
(Watts/Ft^ ) 

LT-24 

n-octane  Uiquid)/Air 

50 

230 

36 

5.6  §  20  ASF. 

LT-32 

Propane /Air 

32 

223 

36 

12.  5  @  45  ASF. 

STUDIES  OF  SELF-SUSTAINING  OPERATION 


4.  6 

Achieving  self-sustaining  operation  of  a  hydrocarbon-air  fuel  cell  requires  an  under-  ^ 
standing  of  the  power  capability  of  the  cell,  heat  and  mass  balance  considerations,  fuel  and  oxi¬ 
dant  composition  and  utilization,  and  mass  transport  phenomena  in  liquid  and  gas  streams  as  well  = 
as  at  interfaces.  The  effort  during  this  period  of  the  program  was  concerned  with:  a  study  of  the  ^ 
behavior  of  binary  fuel  systems  in  specially  designed  laboratory  fuel  cell  test  vehicles;  and  the  | 
mass  transport  rates  and  overvoltage  of  an  operating  n-aliphatic /air  fuel  cell.  j 

4.  6.  1  Reactivities  and  Fuel  Utilization  (P.  J.  Chludzinski/H.  J.  R.  Maget)  ■ 

The  phosphoric  acid  electrolyte  cell  operating  on  pure  single  component  hydrocarbon 
fuels  and  air  has  been  extensively  studied  for  various  fuels,  both  from  a  performance  and  I  fe 
viewqioint.  In  designing  multi-cell  stacks  to  run  on  mixtures  of  fuels,  one  could,  of  course,  de-  “ 
sign  for  the  least  reactive  species,  and  simply  accept  the  performance  bonus  of  the  more  reac-  ^ 
tive  species.  Indicatioiis  are,  however,  that  the  cell  output  can  range  by  a  factor  of  four  within  j 

this  fuel  cut,  and  by  proper  cell  design,  advantage  can  be  taken  of  the  relative  reactivities.  The  “ 

staging  of  batteries  of  various  sizes  to  progressively  utilize  the  reactive  and  less  reactive  spe-  1 
cies  and  thus  maintain  an  optimum  weight  and  volume  would  be  one  design  approach. 

It  was  decided  to  .attack  the  problem  initially  by  studying  binary  systems  such  as 
propane/octane,  octane/hexane,  etc.,  to  simplify  the  understanding  of  the  phenomena.  This 
could  later  be  extended  to  more  complex  mixtures,  some  containing  compounds  known  to  exist 
in  ordinary  fuels  and  which  are  presently  known  to  be  extremely  unreactive.  Two  test  methods  | 

I 

were  primarily  used,  the  first  based  on  a  system  which  recycled  the  fuels  past  the  anode  and  re-  | 

moved  product  carbon  dioxide  chemically.  This  system  had  the  advantage  of  allowing  long  term  j 

running  and  the  accumulation  of  reaction  by-products  in  the  recycled  stream.  The  system  pro-  | 

vided  some  data  on  pure  propane,  but  would  not  function  on  propane/octane  or  propane /hexane  | 

mixes  because  of  generation  of  excessive  anode  pressures,  resulting  in  blowing  fuel  through  the 
anode  into  the  electrolyte. 

I 

The  system  presently  being  used  is  a  once-through  arrangement  in  which  inlet  fuel 
flow  and  composition  are  controlled,  and  exhaust  composition  is  measured  by  a  gas  chromato¬ 
graph.  I 

4.  6.  1.  1  Experimental  Investigation  f 

The  recycle  system  is  shown  schematically  in  Fig.  158.  An  infusion  pump  was  used  to  I 
pump  gaseous  fuel  to  the  anode  and  through  a  low  pressure-drop  KOH  scrubber  to  remove  the  j 

product  carbon  dioxide.  An  external  line  to  the  cycle  fed  propane  through  a  flow  measuring  | 

capillary  to  replenish  the  propane  consumed.  The  liquid  fuel  was  pumped  by  another  infusion  j 

pump.  Fuel  utilization  could  beobtainedby  inference  from  the  propane  feed  rate  and  total  carbon  1 
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Fig,  158  Binary  Fuel  Recycle  System 
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dioxide  production.  The  amount  of  cavbon  dioxide  wae  best  determined  by  first  absorbing  and 
neutializisig  it  to  carbonate  in  the  scrubbers,  and  then  washing  out  each  scrubber  into  separata 
volumetric  flasks.  Two  samples  per  flask  were  treated,  one  with  excess  BaCl^  and  then  HCl 
titration  to  determine  the  caustic  remaining  in  the  scrubber,  and  the  second  by  HCl  titration  with 
methyl  orange  to  get  the  total  carbonate  plus  caustic.  Carbonate  content  was  obtained  by  differ¬ 
ence. 

The  system  was  workable  but  required  excessive  time  to  equilibrate,  because  the 
carbon  dioxide  concentration  in  the  fuel  and  condensate  tank  had  to  reach  steady  state  conditions 
before  the  propane  demand  system  would  respond.  Before  steady  atate  efflux  of  carbon  dioxide  to 
the  scrubbers  was  established,  the  anod?  pressure  tended  to  increase  because  of  transient  accu¬ 
mulation  of  carbon  dioxide.  It  would  finally  decrease  to  the  point  where  a  pressure  drop  across 
the  propane  flow  capillary  could  be  maintained  constant,  the  whole  process  taking  hours  to  ac¬ 
complish.  Once  steady  state  was  astahlished,  the  equilibration  scrubbers  were  bypassed  and  the 
operating  scrubbers  switched  in,  at  which  point  the  actual  test  was  begun.  At  the  end  of  the  test, 
the  scrubbers  were  again  switched,  and  carbon  dioxide  analyses  made.  The  efficiency  of  the 
first  scrubber  was  usually  sufficient  tc  pick  up  all  the  product  carbon  dioxide. 

The  system  proved  to  be  unworkable  on  a  feed  of  propane  and  octane  (or  hexane).  Ex¬ 
cess  pressure  was  produced  by  the  vaporization  of  the  liquid  fuel,  even  though  the  fuel  was  re- 
condensed  ’'t  the  exhaust.  This  could  not  even  be  overcome  by  progressive  bleeding  down  at  the 
system  pressure,  and  fuel  was  blown  through  the  anode. 

Work  was  then  initiated  on  a  one  pass  fuel  system  and  a  chromatograph  provided  with 
a  gas  sampling  valve  and  thermal  conductivity  cell.  It  was  calibrated  with  knoivn  amounts  of 
carbon  monoxide,  carbon  dioxide,  propane,  hexane,  octane,  r.iethane,  air  and  mixtures  of  these 
constituents  for  a  six  foot.  1/8  inch  O.D.  column  packed  with  silica  gel.  Separation  of  air,  car¬ 
bon  monoxide,  and  methane  could  be  accomplished  with  the  column  at  room  temperature,  carbon 
dioxide  and  propane  at  ISC^'C,  and  hexane  and  octane  at  250^C,  The  carrier  gas  was  helium,  set 
at  30  cc/min  at  150°C.  and  although  the  chromatograph  had  flow  compensators  to  keep  carrier 
flow  constant  through  a  temperature  excursion  (temperature  programming),  the  flow  decreased 
somewhat  at  Z50®C.  The  decrease  was  reproducible  end  constant  while  the  hexane  and  octane 
peaks  were  being  measured.  Error  was  minimized  by  calibrating  the  chromatograph  and  running 
a  fuel  cell  sample  under  the  same  conditions  of  temperature  programming. 

It  was  necessary  to  heat  the  sample  valve,  the  sampling  tube,  and  all  fuel  exhaust  lines 
that  were  exposed  to  room  ambient  in  order  to  prevent  condensation  of  the  higher  boiling  consti¬ 
tuents.  The  lines  were  kept  constant  at  about  150®C  and  monitored  by  thermocouples  in  various 
locations. 

The  anode  exhaust  was  directed  to  a  heated  teflon  dehumidifier  containing  two  cham¬ 
bers,  one  which  trapped  electrolyte  leakage,  and  the  other  which  contained  phosphorous  pentoxide 
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Fig,  159  Fuel  Feed  and  Exhaust  for  Chromatograph  System  —  Binary  Fuels 


HEATED  AND  INSULATED 
DEHUMIDJFIER  (TEFLON) 


to  remove  water  vapor  from  the  fuel  and  carbon  dioxide  vapor  before  introduction  to  the  silica  gel 
column.  The  liquid  fuel  mixture  was  pumped  to  the  anode  with  an  infusion-withdrawal  pump.  Flow 
rates  of  fuel  were  established  in  the  range  of  .02  cc /minute  to  give  a  maximum  oi  ten  times  the 
theoretical  amount  of  fuel  needed  at  20  A.S.F.  (lOX  stoichiometric).  Very  small  flow  rates  were 
difficult  to  n  aintain  at  steady  state  because  of  the  mechanical  lag  in  the  pump  when  the  stroke  of 
the  syringes  was  reversed.  A  compromise  was  made  by  using  large  syringes  at  very  low  plunger 
speeds.  This  method  provided  40  hours  of  running  on  one  stroke.  Further  calibration  checks 
showed  that  the  glass  syringes  did  not  move  smoothly,  but  with  small  pulses,  probably  caused  by 
syringe  friction.  The  method  finally  chosen  discarded  the  infusion  pump  and  used  a  flow  capillary. 

A  schematic  illustration  of  fuel  feed  and  exhaust  for  fvj  chromatograph  system  is  showr 
in  Fig.  159.  Helium  was  used  to  pressurize  the.  fuel  tank  because  I's  presence  in  the  fuel  wo\ild 
not  be  detected  by  the  chromatograph.  The  capillary  inlet  pressu.e  was  regulated,  and  a  bleed  to 
a  column  of  water  utilized  to  dampen  small  fluctuations  in  regulator  pressure,  i'he  bypass  al¬ 
lowed  the  fuel  feed  line  to  the  cell  to  be  quickly  filled  prior  to  testing.  The  usual  one-quarter 
inch  diameter  tube  was  discarded  in  preference  to  an  oven-heater  vaporizer  composed  of  coaxial 
1/16  and  1/8  tubing.  It  was  felt  that  preferential  distillation  of  the  more  volatile  constituent  in 
the  fuel  mixture  would  be  prevented.  The  system  provided  very  satisfactory  operation,  with 
reproducible  calibration  and  smooth,  steady  flow, 

4.6.  1.2  Results  and  Discussion 

A.  Recycle  System 

With  the  recycle  system,  data  was  obtained  only  on  pure  propane  because  of  the 
difficulties  previously  described.  Table  XL  lists  the  results  cf  propane  consumption  and 
carbon  dioxide  production.  The  cell  currents  ranged  from  1  to  3  amp^.  held  constant  by  the 
Kordesch  Marko  Bridge.  The  actual  fuel  feed  as  demanded  by  the  system  was  about  15  to  20% 
lower  than  the  theoretical  feed,  except  in  the  case  of  the  longest  r’jn  which  was  9%  lower.  This 
is  an  indication  of  the  problem  of  equilibrating  the  recycle  system.  The  CO^  nroduccion  rates 
were  low  by  about  10%  on  the  early  runs,  and  about  3%  low  on  later  repeats,  with  the  longest  run 
giving  quite  close  tc  thecretlcal  amounts  of  COj .  These  results  indicate  that  the  electrochemical 
oxidation  of  propane  is  essentially  complete. 

B.  Chromatograph  Systeitt 

The  Perkin-Elmer  Model  801  Vapor  Fractometer  was  calibrated  with  about  50 
samples  cf  chemical  species  and  mixtures  of  species  to  determine  separation  time,  peak  heights, 
areas,  and  proper  column  temperatures  for  a  silica  gel  column.  This  seemed  to  be  the  best  col¬ 
umn  available  for  separation  of  all  species  from  air,  to  paraffins  as  high  as  octane.  The 
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calibration  was  based  on  the  area  of  the  "peak"  as  described  by  a  mechanical  int  jpralor  on  the 
Lccds-Northrup  recorder.  The  data  was  reduced  to  a  characteristic  constant  for  each  i  cjnstitu- 
ent  that  described  the  micro  gram  mols  of  constituent  in  terms  of  thermal  conductivity,  cell 
attenuation,  and  area  under  the  peak  for  a  constant  helium  carrier  gas  flow  and  column  temper¬ 
ature.  These  results  are  tabulated  in  Appendix  5.5.  1.  1. 

TABLE  XL 

Propane  Consumption  and  COg  Production  —  Recycle  System  — 

Pure  Propane  /  Air  /  H-.  PO4 


Recycle  fuel  feed  =  .0151  SCFH 
Phosphoric  acid  concentration  =  98  wt  % 
Cell  temperature  -  300' F 


Date 

Cell 

Current 

(amps) 

Then. 

Fuel 

Feed 

(SCFH 

xlO=) 

Actual 

Fuel 

F  eed 
(SCFH 
xlO^) 

Ratio 

Actv.aA 

Duration 

of 

Run 

(hr) 

Theo. 

CO- 

Produced 

(m-mol) 

Actual 

COj 

Production 

(m-mol) 

Ratio 

/Actual^ 

Anode 
Potential 
(IR  incL  ) 
(volts) 

Cathode 

Potential 
(IR  incl.  ) 
(volts) 

\ Theo/ 
Fuel 
Feed 

\  Theo/ 
COs 

Produced 

9/16/4 

Z.  00 

Z.94 

Z.  35 

.30 

7.Z5 

81.  1 

73. Z 

.903 

.  506 

.856 

9/17/4 

3.  OZ 

4.44 

3.  65 

.8Z 

6.74 

113.9 

109.7 

,  963 

.  571 

.3;m 

g/zi/4 

1.01 

1.49 

1.  35 

.91 

16. 9Z 

95.7 

95.8 

1.001 

.469 

.  90Z 

9/ZZ/4 

Z.OO 

Z.94 

Z.  55 

.37 

7.50 

34.0 

33.0 

.988 

Cycling 

SCFH  =  Standard  cubic  feet  per  hour 

Theo.  =  Theoretical  (assuming  3  mols  CO-  per  mol  CgITj 
m-mol  =  mill’-gratn  mol 


Air,  carbon  monoxide,  and  methane  were  not  calibrated  extensively  at  low  column 
temperatures,  but  the  separation  times  were  determined.  This  w'as  necessary  because  first 
anode  exhaust  samples  showed  a  peak  at  150^C  that  could  have  been  either  carbon  monoxide, 
methane  or  air  (which  were  not  separable  at  ISO'ClL  By  running  a  few  tests  on  the  cell  with  the 
column  at  room  temperature,  it  was  found  that  the  peak  corresponded  to  air  or  nitrogen,  not 
ci  rhon  monoxide  or  methane.  Remaining  tests  were  run  at  an  initial  column  temperature  of 
ISO'^C,  then  programmed  to  Z50‘'C,  rather  than  Z0°C  to  ZSO'^C.  This  procedure  eliminated  the 
lengthy  time  period  necessary  to  cool  the  chromatograph  to  room  ten'perature. 

The  amount  of  :;ach  species  of  fuel  used  by  the  cell  was  determined  by  considering 
a  mass  balance  o"  the  anode,  dealing  only  with  the  fuels  and  product  carbon  dioxide.  Fig.  , 
shows  a  block  aiagram  for  the  mass  balance. 
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Inlet 


where: 


Fuel  Cell 

- »  (Pa-^'^a^ 

at 

^a 

Anode 

- - (n^,-An^j) 

at 

,  „  ...»  (^n^ 

at 

X 

- ~~7r 

c 

Fig.  160  Anode  Mata  Balance 


n's  are  molal  flow  rates 

^n's  are  molal,  utilization  rates,  or  production  rates 

subscripts  a,  b,  c,  and  w,  refer  to  fuel  a,  fuel  b,  carbon  dioxide, 

and  water,  respect; vrly 

X's  refer  to  mol  fra^^'icn 

N-p  is  the  total  exi:  molal  flow  rate 

The  water  which  was  transported  through  the  anode  was  removed  pri  to  entrance 
to  the  chromatograph,  so  it  is  not  included  in  N^.  Removal  of  water  was  accomplished  using  a 
bed  of  phosphorous  pentoxide  which  was  kept  hot  to  prevent  fviel  condensation. 


na(MbXb+Xj.)  -  nfeX^ 

A  “a  - 

X^  +  +  Xj. 


(61) 


nb(M^X^  +  X^)  .  M^n^X^ 
M^  X^  +  X^  +  Xj. 


(62) 


M_  n„  f-  M,  nu 
^  a _ P  o 


Mg^  Xg^  +  Mjj  Xjj  +  Xj. 


(63) 


where  the  symbols  Mj^  and  refer  to  the  number  of  molecules  of  carbon  dioxide  produced  by  a 
molecule  of  the  respective  fuel  species.  Since  it  has  been  proved  that  oxidation  of  propane  and 
octane  are  essentially  complete,  then  M  may  be  assumed  to  equal  the  number  of  carbon  atoms  in 
a  molecule  of  the  respective  fuel  species.  Appendix  5.  5. 1.2  contains  the  results  of  the  single 
I  and  binary  fuel  experiments.  The  main  points  are  summarized  in  the  following  paragraphs. 

1 .  Pure  Octane 

Octane  on  open  circuit  showed  a  carbon  dioxide  content  in  the  anode  exhaust  of 
s  on(  per  cent.  If  this  is  assumed  to  bo  chemical  combustion  from  oxygen  migrating  to  the  anode 
from  the  cathode,  it  corresponds  to  a  loss  of  about  0.3  A.S.F.  Pure  octane  at  20  A.S.F.  showed 
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utilization  snd  carbon  dioxide  production  within  2%  of  ihecretif  al.  and  if  the  chetnical  cunibustioii 
value  from  the  open  circuit  tests  was  subtracted  out,  the  agreement  was  within  I  percent, 

2.  Binary  Fuel  Mixtures  of  Octane  and  Hexane 

On  open  circuit,  the  results  from  t'  ■  utilization  equations  (61)  and  (62)  Have  positive 
and  negative  numbers  of  usage  of  individual  species,  since  the  equations  are  very  sensitive  to 
small  errors  in  flow  rate  and  exhaust  composition.  The  arithmetic  sum  of  chemical  combustion 
currents  were  still  of  the  order  found  for  pure  octane,  indicating  that  chemical  combustion  is 
probably  very  low. 

When  mixtures  of  n-octane  and  n-hexane  were  run  in  the  fuel  cell  on  current 
drain,  the  following  general  observations  were  made.  On  a  50/50  by  volume  mixture,  the  hexane 
provided  about  80  to  90  percent  of  the  cell  current  when  the  fuel  feed  rate  was  high,  correspond¬ 
ing  to  about  four  times  excess  octane  and  four  times  excess  hexane  to  theoretically  support  the 
cell  current.  When  the  amount  of  hexane  was  less  than  needed  for  the  total  cell  current,  the  oc¬ 
tane  provided  the  bulk  of  the  curren*.  On  a  fuel  feed  of  20%  by  volume  of  hexane,  the  octane 
provided  the  bulk  of  the  current  when  there  was  100%  excess  hexane  over  that  needed  to  support 
the  entire  cell  current. 

One  would  believe  that  the  rate  of  reaction  of  each  species  (and  therefore  the  cur¬ 
rent  supplied  by  the  species)  would  be  dependent  on  the  concentration  of  the  species  in  the  anode 
chamber.  Fig.  I6l  shows  that,  within  the  limits  of  experimental  error,  the  hexane  current  is 
proportional  to  the  hexane  concentration  and  to  the  square  root  of  the  total  cell  current. 


Fig,  I6l  Dependence  of  Hexane  Current  in  Hexane/Octane  Fuel  Mixtures 
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The  relationship  is  empirical,  and  the  parameter  containing  the  square  root  of  the 
toial  current  was  needed  to  bring  the  data  at  different  cell  currents  into  agreement.  The  equation 
predicting  hexane  current  is; 

— —  =  (5.4^0.4!lXs 

/i 

where  the  current  is  measured  in  amperes  and  Xg  is  the  log  mean  mol  fraction  of  hexane  in  the 
anode,  accounting  for  water  partial  pressure  in  equilibrium  with  the  electrolyte. 

The  analogous  relationship  for  the  octane  in  the  mixture  is  not  true;  there  presently 
seems  to  be  no  relationship  between  the  cur  ent  which  the  octane  supplies,  and  the  concentration 
of  octane  in  the  anode  chamber.  No  explanation  is  available  for  this  behavior  at  the  present  time. 
The  octane  current  can,  as  yet,  only  be  calculated  from  the  difference  between  the  total  cell  cur¬ 
rent  and  the  predicted  hexane  current. 

3.  Non-Vaporizing  Liquid  Fuels 

Avery  desirable  form  cf  liquid  electrolyte  -  direct  hydrocarbon  cell  would  use  a 
stagnant  non-vaporizing  fuel  which  rejects  carbon  dioxide  to  the  electrolyte.  The  electrolyte 
would  be  circulating  to  maintain  heat  and  mass  transfer  equilibria  and  would  reject  the  carbon 
dioxide  to  external  process  equipment  with  a  minimum  of  fuel  loss.  Work  is  progressing  to  de¬ 
fine  th"  characteristics  of  such  fuels  anc  iconomical  ways  of  rejecting  carbon  dioxide.  Earlier 
w'ork  with  decane,  in  the  life  tesi  area,  pointed  out  the  electrode  wetting  problems  of  these  fuels 
and  led  the  way  to  changes  in  electrode  structure  to  m'ercome  the  problem. 

A  new  test  vehicle  has  been  designed  and  built  to  study  the  operarion  of  fuels  that 
are  liquid  at  the  cell  operating  temperature.  This  test  vehicle  -.vill  provide  greater  flexibility  in 
experimentation  and  will  extend  the  investigations  over  a  larger  range  of  process  variables.  The 
design  of  the  anode  chamber  is  shown  in  Fig.  162.  It  incorporates  a  movable  rectangular  quartz 
window.  The  window  is  sealed  by  a  per  ipheral  o-ring  and  can  be  positioned  at  heights  varying 
from  .040  to  0.  50  inch  above  the  anode.  Liquid  fuel  enters  and  leaves  through  internal  manifolds 
and  under  built-in  dams  which  keep  gas  out  of  the  liquid  streams.  Gases  are  ported  through  a 
separate  internal  manifold  at  controlled  pressures.  The  anode  chamber  fits  the  standard 
electrolyte  spacers  and  cathode  chambers,  so  th:ii  standard  electrodes  can  be  used.  The  ov'^n 
which  provides  cell  temperature  has  a  glass  top  for  visibility.  Fig,  163  shows  a  photograph  of 
the  test  vehicle  with  the  oven  removed. 

Schematics  of  the  fuel  and  electrolyte  stream#  are  shewn  in  Fig.  164.  F>  el  feed 
is  by  an  infusion  pump  pressurized  with  nitrogen  in  accumulator  type  tanks.  Electrolyse  is 
pumped  by  a  teflon  diaphragm  pump  with  pressurized  accumulators  at  the  pump  inlet  and  outlet. 
The  cathode  is  supplied  with  dead-headed  oxygen.  The  system  is  designed  for  pressures  up  to 
5  psig,  and  vents  are  provided  to  quickly  reduce  the  pressure  of  any  stream  to  study  the 
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Fig.  164ii  Non-Vaporizing  Fuel  System. 
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Fig.  164b  Pressurized  Electrolyte  System. 
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4,  6.  1 . 3  Conclusions 


1)  P*‘rtt}ane  and  n-octane  have  been  shown  to  completely  oxidize  electrochemically 
in  the  phosphoric  acid  cell. 

2)  A  preliminary  correlation  for  the  cell  current  contributions  of  n-hexane/n-octane 
fuel  mixtures  show  that  the  hexane  current  is  proportional  to  the  hexane  concentration  in  the 
anode.  No  correlation  could  be  obtained  to  predict  the  octane  current  independently. 
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4.6.2  Transport  Rates  (R,  E.  Kegan) 

The  work  reported  in  this  section  is  concerned  with  the  mass  transport  rates  and  over¬ 
voltage  of  an  operating  n- Aliphatic /air  fuel  cell  and  is  a  continuation  of  that  reported  in  (1)  and 
(2).  The  objectives  were  to  provide  data  and  analysis  of  fuel  cell  performance  as  affected  by  heat 
and  mass  transfer.  Of  primary  concern  is  the  anode  (IR  free)  potential  and  its  relation  to  opera¬ 
ting  conditions  such  as  the  type  of  fuel,  acid  concentration,  temperature,  fuel  mixtures,  etc. 

The  basis  of  evaluating  anode  perfornmnce  (IR  free  overvoltage)  for  normal  aliphatic 
fuels  is  the  following  equation,  suggested  in  (3): 


n 


d  +  a  logio  I  +  c  logio 


(64) 


where;  t)  =  overvoltage,  volts 

I  =  current  density,  amps/ft^ 

II  =  limiting  current  density,  amps/ft*  when  drj/dl -•  ® 
d,  a,c  =  parametric  coefficients,  volts 

At  low  current  densities,  the  first  two  terms  to  the  right  of  equation  (64)  are  important  and  are 
usually  called  the  Taffel  region.  The  last  term  on  the  right  becomes  important  at  high  current 
densities  and,  because  of  finite  transport  rates,  dr/Zdl  becomes  infinite  at  some  I  s  The  true 
value  of  equation  (64)  comes  from  the  excellent  correlation  it  gives  with  the  experimental  data, 
as  will  be  shc'A'n  in  Section  4.  6. 2.  2. 

The  limiting  current  phenomenon  was  studied  for  propane  in  previous  work  (1),  and  the 
results  indicated  that  limiting  current  was  a  function  of  the  square  root  of  the  mol  fraction  of 
propane  in  the  fuel  gas  stream.  Water  and  COa  were  used  as  diluents.  The  results  also  indicated 
that  the  limiting  current  was  significantly  affected  by  the  presence  of  water  vapor.  Using  water 
vapor,  rather  than  COg,  had  a  pronounced  effect  of  increasing  the  limiting  currents.  Further, 
the  daca  indicated  that  the  fuel  stream  velocity  had  an  effect  on  limiting  current.  In  fact, 

(limiting  current)  tends  to  correlate  to  the  one-third  power  of  this  velocity.  The  variation  of 
with  fuel  partial  pressure  suggested  (3)  that  the  gas  phase  transport  resistance  was  important. 

On  the  other  hand,  the  effect  of  the  water  vapor  suggested  that  the  electrolyte  film  transport  re¬ 
sistance  was  important.  The  latter  was  considered  (1)  and  a  preliminary  correlation  was  attempted 
by  introducing  the  effect  of  water  vapor  on  electrolyte  transport  properties. 

1.  Technical  Report  #4,  July-December  1963,  Contract  No.  DA  44-009-ENG-4909,  USAERDL., 

Ft.  Belvoir,  Virginia,  p.  5-192. 

2.  Technical  Report  #5,  1  January  1964-30  June  1964,  Contract  No.  DA  44-009“ENG-4909  and 
DA  44-009-AMC-479(T),  USAERDL,  Ft.  Belvoir,  Virginia,  p.  4-124. 
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The  experimental  work  which  follov/ed  (2)  for  hexane  and  octane  seemed  to  point  out 
that  the  gas  phase  resistance  was  important.  The  data  collected  were  correlated  with  gas  phase 
parameters  and  the  square  root  of  the  fuel  partial  pressure.  The  latter  relation  was  difficult  to 
reconcile  in  trying  to  justify  that  gas  phase  resistance  is  controlling,  since  a  linear  relation  is 
expected.  Consultation  with  Dr.  E.N.  Lightfoot  (4)  revealed  that  one  might  expect  limiting  cur¬ 
rents  one  to  two  orders  of  magnitude  higher,  if  the  gas  phase  was  controlling.  His  analysis  was 
based  upon  mass  transfer  coefficients  estimated  from  the  analogous  heat  transfer  coefficient  for 
laminar  flow.  Subsequent  analysis  indicated  that  velocity  dependence  was  probably  no  mure  than 
an  integrated  effect  of  the  fuel  concentration  along  its  channel.  Hence,  the  correlation  between 
gas  phase  parameters  (presented  in  (2))  is  now  considered  to  be  fortuitous. 

During  this  report,  a  total  of  eleven  cells  was  used  in  obtaining  approximately  140  IR- 
free,  anode  polarization  curves  for  propane,  hexane,  and  octane,  and  for  binary  mixtures  of  the 
three.  Variations  in  fuel  c ^ncent ration,  acid  concentration,  fuel  water  vapor  concentration  and 
temperature  were  made  to  cover  the  range  of  fuel  cell  operating  conditions.  An  exception  to  this 
was  the  fuel  flow  which  was  purposely  kept  at  high  stoichiometric  rate  to  avoid  the  complicating 
integrated  effect  along  the  fuel  channel  of  fuel  concentration.  Generally,  twenty  or  more  polari¬ 
zation  points  were  obtained  for  each  set  of  conditions,  from  (^urrent  densities  less  than  1  amp/ft‘“ 
to  limiting  current.  The  points  were  applied  to  eqviation  (64)  for  the  determination  of  the  d,  a, 
and  c  overvoltage  coefficients  by  a  multiple  regression  analysis,  This  was  accomplished  by  a 
digital  program  (5)  wi';h  the  results  of  the  computation  and  the  experimental  conditions  given  in 
Table  III  ot  Appendix  3.5. 

4.6.2,  1  Experimental 

The  test  fviel  cells  utilized  in  the  investigations  are  2.  68"  x  2.  68"  Alford-Niedrach 
electrodes  mounted  in  a  Teflon  structure  (electrode  data  are  given  in  Table  V  of  Appendix  5.5). 

The  fuel  and  air  spaces  and  irculating  phosphoric  acid  electrolyte  space  are  each  1/8"  thick. 
The  complete  fuel  cell  and  a  hydrogen  reference  cell  (through  which  the  same  electrolyte  is 
circulated)  are  contained  in  a  thermally  regulated  nitrogen  atmosphere.  Inlet  and  outlet  fuel, 
air,  and  electrolyte  temperatures  are  monitored  to  ensure  isothermal  conditions.  The  IR  free 
anode  potentials  referenced  to  the  hydrogen  electrode  are  obtained  by  a  Kordesch-Marko  bridge. 

All  other  experimental  details  such  as  the  measurement  of  fuel  flow  rates,  electrolyte  flow,  acid  | 
concentrations,  etc,  were  reported  previously  (1,  2),  An  important  note  is  that  the  anode  was 
held  at  1 . 0  volt  for  1  minute  (current  varied)  prior  to  each  set  of  polarization  points. 

4.  Private  consultation  R.  E.  Kegan,  Direct  Energy  Conversion  Operation  (DECO),  General  Elec¬ 
tric  Co.,  and  Dr.  E.N.  Lightfoot,  University  of  Wisconsin,  at  DECO  on  September  2,  1?64. 

5.  "Least  Square  Multiple  Regression  Program  -  L0048B,  Internal,  for  IBM  7044  Digital  Com¬ 
puter."  General  Electric  Company  Report  R58AGT348. 
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4,  6.  2.  2  Overvoltage  Coefficients  at  Constant  Temperature 

The  detailed  test  data  is  given  in  Appendix  5.5.2.  Its  significance  is  discussed  in  the 
following  paragraphs. 

Ceils  2-189  to  2-195  (6  cells)  were  operated  at  300°F,  Polarization  curves  were  ob- 
ta’ned  for  propane,  hexane,  and  octane,  and  for  binary  mixtures  of  tl.>*sfc  for  100%  fuel  to  several 
percent  (diluted  with  V'  ter  vapor).  Phosphoric  acid  concentrations  varied  from  87-98%.  Values 
of  d,  a  and  c  for  the  iR  free  overvoltage,  equation  (64),  were  obtained  by  multiple  linear  re¬ 
gression  at  a  significance  level  less  than  0.05,  In  general,  8C%  or  greater  of  the  overvoltage 
variance  can  be  attributed  to  the  terms  (a  log^o  I)  and  (c  logic  -  !)•  These  results  indicate 

that  equation  (64)  provides  a  very  good  relationship  for  correlating  any  particular  set  of  polari¬ 
zation  data. 

The  individual  coefficients  d,  a  and  c  were  ranked,  tabulated  from  highest  to  lowest 
values,  with  all  other  operating  data  given  in  Table  III,  Appendix  5.5,  It  appeared  that  the  coef¬ 
ficients  were  practically  unrelated  to  acid  flow  rate,  were  very  weakly  related  to  fuel  concentra¬ 
tion,  and  did  not  sesm  to  be  too  dependent  upon  what  cell  was  used.  They  appeared  to  vary  with 
acid  concentration,  mol  fraction  of  water  in  the  fuel  and,  perhaps,  most  strongly  with  the  type  of 
fuel.  Various  graphical  plots  were  made  to  ascertain  how  the  coefficients  varied  with  these  three 
factors.  The  best  correlation,  although  not  significant  in  all  cases,  seemed  to  be  the  following; 

Y  =  aX^  (65) 


where: 


values  of  d,  a  or  c;  volts 


mo]  fraction  of  water  in  fuel  stream 

water  vapor  pressure  of  the  acid  in  mm  Hg/760  mm  Hg 


a  =  coefficient  determined  from  linear  regression  analysis,  volts 

P  =  exponent  determined  from  linear  regression  analysis 


Plots  of  the  coefficients  for  the  various  fuels  versus  the  variable  ^  are  given  on  Figs,  la  through 
Ir  of  Appendix  5.5.  The  regression  lines,  evaluated  by  the  digital  program,  are  also  given.  The 
following  tabulation  gives  the  coefficient  and  exponents  of  equation  (65)  and  the  correlation  coeffi¬ 
cient  of  the  regression  analysis.  Table  XLI  showo  that  correlation  was  obtained  for  practically 
all  "d"  coefficients  except  for  fuel  3  and  8,  that  very  little  correlation  was  obtained  for  "a'*,  and 
"c''  correlated  except  for  fuel  3  and  6. 

The  coefficient  a  and  exponent  /3  versus  the  number  of  carbon  atoms  in  the  hydro¬ 
carbon  are  plotted  on  Fig.  165,  Averages  are  taken  for  the  ’aixtures,  i.e.,  3  and  8  are  represented 
by  5.  5,  3  and  6  by  4.  5,  and  6  and  8  by  7.  Only  those  values  for  which  a  significant  correlation  co¬ 
efficient  was  obtain. ;d  are  plotted.  In  the  case  of  the  coefficient  "a”,  only  the  a  value  is  plotted 
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TABLE  XLl 


Coefficient  and  Exponents  of  Equation  (65)  and  the  Ci^rrelation  Coefficient 

of  the  Regression  Analysis 


Overvoltage 

Coefficient 

Exponent 

Correlation 

R  for  0.  05 

Fuel 

Coefficient 

Of 

3 

Coefficient-R 

Significance  Level 

3- Propane 

d 

.210 

.  165 

.  773 

±  .433 

a 

.110 

.  0662 

.410 

±  .433 

c 

.0865 

-.231 

-.900 

±  .433 

6 -Hexane 

d 

.263 

.116 

.947 

±  .  707 

a 

.079 

.  147 

.  912 

±  .707 

c 

.  120 

-.  159 

-.  902 

±  .707 

8-Octane 

d 

.242 

.0845 

.  731 

±  .381 

a 

.095 

.  0308 

.118 

±  .  381 

c 

.131 

-.0937 

-.588 

i  .381 

6  and  8 

d 

.264 

.0956 

.922 

±  .  707 

a 

.074 

.  no 

.622 

±  .707 

c 

.  129 

-.  102 

-.  845 

±  .  707 

3  and  8 

d 

.297 

-.0224 

-.  12 

±  .632 

a 

.073 

.117 

.490 

±  .632 

c 

.117 

-.213 

-.  793 

±  .632 

3  and  6 

d 

.  190 

.339 

.  782 

±  .  878 

a 

.099 

-.0305 

-.  108 

±  .878 

c 

.064 

-.260 

-.  154 

±  .878 

as  It  approximates  the  average  value  for  all  the  data.  Comment  on  this  figure  is  deferred  until 
further  analysis  has  been  made  to  ascertain  its  significance.  The  values  obtained  for  all  the 
coefficients  d,  a  and  c  are  comparable  in  magnitude  to  those  reported  in  reference  (3). 


4.  6.  2.  3  Limiting  Current  at  Constant  Temperature 

The  approach  to  analyzing  limiting  current,  in  terms  of  operating  conditions  for  the 
data  in  Table  I  of  Appendix  5  5  has  been  essentially  empirical.  In  view  of  the  difficulties  encoun¬ 
tered  in  past  interpretations,  (1,  2)  the  empirical  approach  seemed  advisable  for  now.  The  values 
of  for  all  IR  free  anode  polarization  curves  for  cells  2-189  through  2-195  at  300“ F  were  ranked 
with  their  associated  data.  The  values  for  binary  mixtures  were  omitted.  The  ranking  indicated 
that  the  particular  electrode,  the  fuel,  and  the  fuel  partial  pressure  or  water  vapor  partial  pres¬ 
sure  (one  being  the  value  one  minus  the  other)  were  important. 

A  multiple  regression  was  made  for  each  cell  for  a  product  relation  of  the  electrical 
equivalents,  n,  for  the  fuel  and  the  fuel  partial  pressure,  Xp.  Surprisingly,  the  significant 
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3  4  5  «  7  8|3  4  5  6  7  I 

NUMKR  (IF  CMflON  ATOMS-N 


Fig.  165  Correlation  of  Regression  Coefficients  and  Exponents  of  Equation  (65) 

With  a  Number  of  Carbon  Atoms  in  the  Fuel 

correlation  was  with  the  fuel  electrical  equivalents,  i.e,,  20  equivalents  for  one  mol  of  propane, 
38  for  hexane  and  5C  for  octane;  and  it  indicated  an  inverse  relation.  The  fuel  partial  pressure 
did  not  give  a  significant  correlation  and  the  regression  analysis  produced  a  small  exponent  of 
the  order  of  0,  1.  In  all  cases  it  substantially  deviated  from  0.5  found  for  propane  as  previously 
reported  (1).  The  regression  relation  for  n  produced  a  negative  exponent  which  varied  from 
-0.  5  to  -0,  9. 

At  first  thought,  one  might  have  expected  a  linear  relation  with  n.  Perhaps  this  result 
is  a  consequence  of  the  dependence  of  limiting  current  on  the  magnitude  of  the  solubility  and  dif¬ 
fusion  properties.  Furthermore,  the  deviation  of  the  square  root  relation  of  Ij^  and  Xp  indi¬ 
cates  that  water  vapor  in  the  fuel  introduces  an  important  effect  or  the  overall  transport  of  the 
fuel  in  the  electrolyte.  The  proportionality  ^  Xp  still  appears  to  be  justifiable  as  it  was 
obtained  with  propane  in  an  operating  fuel  cell(l),  ar.d,  more  recently,  it  has  been  found  in  the 
thin  film  mass  transport  study  of  Section  4. 1.4.  Perhaps,  as  the  fuel  partial  pressure  decreases 
by  dilution  with  water  vapor,  the  increased  water  vapor  pressure  produces  condensation  at  the 
electrolyte  film  which  enhances  the  transport  of  the  fuel.  Further  conclusions  will  be  deferred 
until  the  fundamental  phenomenon  is  better  understood. 
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made: 


In  consideration  of  vhat  was  discussed  above,  the  following  "working"  correlation  was 


*L° 


_b 

a'  X  =  a' 


X 


(66) 


where:  I, 

i.1 

n 


a' 


b 


-  limiting  current,  amp/ft^ 

=  electrical  equivalents  of  hydrocarbon  per  mol 
=  mol  fraction  of  fuel 

=  mol  fraction  of  water  (X  =  1  -X  for  no  CO2) 

r  HgO 

=  water  ’  apor  prescure  of  acid  in  mm  Hg/760  mm  Hg 
=  coefficient  determined  from  linear  regression  analysis 
=  exponent  determined  from  linear  regression  analysis 


A  correlation  of  this  type  is  at  first  sight  objectionable  as  Y  and  X  have  a  common  term,  namely 
Xp.  This  is  justified  on  the  basis  of: 

(1)  convenience,  as  X  is  used  in  determining  the  overvoltage  coefficients: 

(2)  anticipatory,  for  similar  treatment  of  cases  of  fuel  mixtures  and  water  and  for  fuel, 
water  and  carbon  dioxide  mixtures,  "^he  data  are  plotted  on  Figs.  2a  through  2e  of  Appendix  5.  5. 
The  figure  for  cell  2-192  is  omitted  as  its  electrodes  were  significantly  different.  Briefly,  it 

has  a  si.nilar  correlation  aud  its  limiting  currents  were  substantially  less  thar  the  others.  The 
coefficients  and  exponents  for  equation  (66)  are  given  in  the  following  tabulation. 


Cell 

a'  X  10^ 

b 

R 

2-189 

6.05 

-.470 

-.  903 

2-190 

0.78 

-.412 

-.931 

2-191 

7.  70 

-.  j16 

-.899 

2-194 

5.40 

-.453 

-.914 

2-195 

4.  37 

-.437 

-.946 

All  Cells 

5.40 

-.420 

-.  846 

The  correlation  coefficient,  R,  is  high,  as  would  be  expected.  The  deviation  of  the  data  points 
from  the  regression  line  would  probably  be  minimized  by  introducing  an  exponent  to  the  factor  n 
and  by  using  a  combination  of  n  and  the  number  of  ca-bon  atoms,  N.  The  exponent,  b,  is  of  the 
order  of  -0.9  which  bears  out  the  observation  stated  earlier  that  the  original  ranking  correlation 
idicated  to  be  almost  independent  of  Xp.  At  present,  no  assessment  has  been  made  to  con¬ 
nect  limiting  current  behavior  and  electrode  properties  (see  Table  V,  Appendix  5.  5). 
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The  evaluation  of  limiting  current  performance  with  fuel  binary  mixtures  has  to  be  de¬ 
ferred  until  more  experimental  data  has  been  obtained  from  the  "Reactivities  and  Fuel  Utilization" 
effort  in  this  program.  The  data  reported  in  Table  III  of  Appendix  5.  5  does  not  contain  a  mass 
balance  as  none  was  made  experimentally. 

4.  6.  2. 4  Effect  of  Temperature 

A.  Overvoltage  Coefficients 

The  investigation  of  the  effect  of  temperature  on  overvoltage  was  done  with  cells 
2-196  through  2-200.  Again,  the  fuels  were  propane,  hexane,  octane  and  binary  mixtures  of  same. 
The  set  of  data  for  each  polarizati  jn  curve  was  fitted  to  equation  (64)  and  the  regression  analyses 
were  also  conducted  with  the  digital  program.  The  data  an'^  results  are  given  in  Tables  III  and 
IV,  respectively,  of  Appendix  5.5. 

From  electrochemical  considerations,  the  coefficients  d,  a  and  c  are  partially  com¬ 
prised  of  the  factor  RT,  the  gas  constant  ana  absolute  temperature.  Cross -plotting  the  coefficient 
wth  T  and  X  indicated  that  the  coefficients  were  inversely  proportional  to  the  temperature. 

These  results  have  been  very  recently  obtained  and  a  statistical  analysis  has  not  been  completed. 
Therefore,  the  product  of  the  coefficients  and  absolute  temp  rature  have  been  plotted  versus  X 
(Figs.  3a  to  3o  of  the  appendix)  and  the  regression  lines  for  the  various  fuels  and  mixtures  at 
300° F  have  been  included  from  their  respective  Figs,  la  to  Ir.  In  many  cases,  the  regression 
line  did  not  fall  within  the  new  points  at  different  temperatures;  however,  there  was  a  trend  in  the 
similarity  of  slopes.  The  deviation  may  be  due,  in  part,  to  the  fact  that  different  electrodes  are 
being  compared. 

B.  Limiting  Current 

The  results  for  the  effect  of  temperature  on  limiting  current  are  rather  incom¬ 
plete.  Again,  only  single  fuels  h^ve  been  considered.  T’le  results  are  given  in  Tables  III  and  IV 
of  Appendix  5.  5.  The  data  for  octane  from  cell  2-J96  are  shown  in  Fig,  4a,  for  hexane  from 
cells  2-197,  198  and  200  are  shown  in  Fig.  4b,  and  for  propane  from  cell  2-200  are  shown  in 
Fig.  4c.  With  the  limited  data  available  it  is  difficult  to  surmise  what  the  effect  of  temperature 
IS.  The  data  points  for  Y  versus  X  seem  to  follow  a  line  with  a  -0.5  slope,  again,  showdng 
very  little  dependence  upon  the  mol  fraction  of  fuel,  Xp,  with  water  as  a  diluent. 
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4.  6. 2. 5  Conclusions 

The  electrochemical  semi-empirical  overvoltage  equation,  (64)  provides  a  correhition 
cf  !R-free,  anode,  polarization  data  of  high  statistical  significance. 

The  empirically  determined  coefficients  of  the  overvoltage  equation  gave  values  com¬ 
parable  to  those  of  other  investigators  for  propane,  hexane,  and  octane  with  tVie  .A.lford-Niedrach 
e'ectrodes  in  phosphoric  acid.  In  addition,  these  coefficients  appear  to  be  dependent  upon  the 
water  vapor  in  the  fuel,  the  acid  concentration  and  the  temperature  as  well  as  the  fuel.  The 
temperature  was  inversely  related  to  the  coefficients,  and  there  seemed  to  be  a  small  variation 
for  different  electrodes. 

The  limiting  current  behavior  remains  unresolv  d.  High  water  vapor  concentrations  in 

the  fuel  improv'e  the  limiting  current  over  comparable  fuel  concentrations  with  carbon  dioxide. 

1/2 

The  empirical  relation  II  ~  Xp  is  not  obeyed  under  these  conditions.  Effects  of  tempera¬ 
ture  are  inconclusive.  Limiting  c  irrents  for  binary  mixtures  were  not  correlated,  as  relative 
fuel  consumption  rates  were  not  available  till  near  the  end  of  this  reporting  period. 
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5.1  ELECTROCHEMICAL  OXIDATION  OF  HYDROCARBON.S  fW.  T.  Grubb) 

Apparatus  Used  In  Macro  Anode  Studies 

The  experimental  system  used  In  the  macro  anode  work  is  schematically  depicted  in 
Figs,  i  and  2.  The  electrical  system  consists  of  a  modified  Anatrol  Mode)  4100  controller  oper- 
a*^ing  either  as  a  porentiostat  or  a  gaivanostat.  Fig.  1  shows  the  potentiostatic  connection  in 
which  the  potential  between  the  working  electroue  A  and  the  hydrogen  referee  i  electrode  R  is 
controlled.  For  galvanostatic  operation,  the  potential  across  a  standard  resistor,  "Res.",  was 
controlled  in  series  with  the  working  electrode  of  the  cell.  The  potential  between  the  working 
electrode  and  the  reference  electrode  was  measured  by  a  Kiethley  Model  200B  electrometer  which 
also  acted  as  a  power  amplifier  and  fed  the  input  voltage  signal  to  the  Y  axis  input  of  a  Moseley 
Autograph  X-Y  recorder.  This  unit  operated  as  voltage-time  recorder  by  use  of  a  time  scale 
input  on  the  X  axis.  Voltage-time  plots  were  directly  obtained  on  a  standard  graph  paper. 

Current  through  the  cell  was  accurately  measured  by  a  precision  ammeter  (Sensitive 
Instrument  Co.  Polyranger)  and  recorded  against  time  from  the  0-100  mv  current  output  jacks  of 
the  Anatrol  using  a  Varian  Model  G-10  recorder. 

The  cell  and  gas  flow  system  are  schematically  depicted  in  Fig.  2.  The  working  elec¬ 
trode  A  consisted  of  a  fuel  cell  electrode  gasketed  in  a  Teflon  housing  supplied  with  gas  inlet  and 
outlet  lines,  electrical  leads,  and  a  tube  forming  a  Luggin  capillary  and  communicating  with  the 
hydrogen  reference  electrode  contained  in  a  separate  chamber.  The  entire  working  electrode, 
Luggin  capillary,  and  reference  e’ectrode  were  immersed  in  electrolyte.  Unwanted  diffusion  of 
hydrogen  to  the  working  electrode  was  prevented  by  the  use  of  porous  Teflon  diffusion  barriers. 
Both  the  counter  electrode  and  the  reference  electrode  were  platinized  platinunri  screens  over  which 
electrolytic  grade  hydrogen  was  continuously  bubbled. 

The  gas  flow  system  provided  for  the  maintaining  of  helium  sweep  gas  or  fuel  in  the 
anode  chamber,  either  flowing  at  a  known  flow  rate  or  static.  The  double  syringe  system  con¬ 
sisted  of  two  syringes  moved  in  opposition  by  a  double  rack  and  pinion  gear  so  that  the  gas  in  the 
anode  chamber  could  be  changed  without  changing  the  volume  of  the  system.  In  this  way,  it  was 
possible  to  measure  volume  uptake  of  a  fuel  cell  by  the  working  electrode  using  the  manometer 
system  shown  in  Fig.  2.  It  was  also  possible  to  flood  the  anode  chamber  with  degassed  water 
using  this  system.  Helium  sweep  gas  w'as  purified  over  copper  turnings  in  a  tube  furnace  main¬ 
tained  at  700°C. 

The  double  syringe  system  could  also  be  used  to  sample  the  gas  composition  of  the 
anode  chamber  after  a  static  run.  Helium  was  swept  from  the  left-hand  syringe  through  the  cell 
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lo  the  right-hand  syringe  and  the  gas  sample  stirred  with  the  magnetic  stirring  bar.  It  could  then 
be  iorced  into  gas  chromatograph  system  for  analysis.  The  gas  chromatograph  system  v'as  con¬ 
ventional. 

The  working  electrode  was  a  porous  Teflon-bonded,  platinum  black  electrode  of  the 
Niedrach-Aiford  structure.  Some  of  its  characteristics  were  obtained  by  adsorbing  hydrogen, 
filling  the  anode  chamber  with  de-oxygenated  and  oxidizing  off  the  hydrogen  galvanostatically . 

A  typical  electrode  had  a  capacity  of  1  7  coulombs  of  hydrogen  and  a  double  layer  capacity  of 
5.0  i  0.2  ^arads.  This  was  equal  to  about  50  microfarads  per  square  cm  of  real  platinum  area. 

For  operation  at  elevated  temperatures,  the  system  was  maintained  in  a  silicone  oil 
thermostat  controlling  .o  ±0.  1  degree. 
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vated  BoTv^n  Carbide  Powders 
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5.2.1  Platinum  Activated  Borop  Carbides 

5.2.  1.  1  Cell  for  Measuring  Conductivity  of  Pressed  Powder  Samples  (W.T. Grubb) 

For  making  satisfactory  fuel  c.-ll  electrodes,  a  catalyst  or  catalyst  support  should  have 
a  resistivity  (p)  low  enough  to  avoid  excessive  ohmic  losses  in  the  electrode.  When  a  supporting 
screen  is  used,  powders  possessing  p  below  about  500  ohm-cm  would  be  satisfactory.  A  given 
material  may  show  different  values,  for  instance,  boron  carbides  from  different  sources  have 
shown  values  of  resistivity  ranging  from  0.2  to  3,  000  ohm  •  cm,  and  platinum  activation  and  other 
treatments  have  some  influence  on  this  property.  It  was  therefore  desirable  to  have  a  method  for 
routine  measurement  of  the  resistivities  of  powders.  High  accuracy  was  not  required. 

A  ceil  satisfactorily  used  for  this  purpose  is  shown  in  Figure  1.  The  cell  consists  of  a 
piece  of  precision  bore  glass  tubing  of  0.2519”  I.  D.  and  two  brass  electrodes  machined  to  a  close 
sliding  fit  in  this  tube.  The  cell  holder  of  Fig.  1  is  made  also  of  brass  and  is  provided  with  a  hex¬ 
agonal  fitting  such  that  a  reproducible  force  can  be  imposed  on  the  powder  sample  between  the  tw'o 
brass  electrodes  by  tightening  the  hex  screw  to  a  constant  torque  setting,  typically  8  lb.  inches, 
with  a  torque  wrench.  The  screw  pitch  on  the  cell  holder  being  40  threads  per  inch,  a  pressure 
of  up  to  4000  psi  is  exerted  on  the  powder. 

The  resistrmce  of  the  sample  is  measured  with  a  1000  cycle  or  D.C.  bridge  and  the  cell 
constant  determined  by  subtracting  micrometer  readings  of  the  cell  length  with  and  without  the 
sample,  and  combining  this  value  with  the  area  determined  from  the  I.D.  of  the  precision  bore 
tube. 

The  resistivities  of  platinum  activated  boron  carbide  powders  measured  with  this  device 
varied  with  the  amount  of  platinum  present  and  with  the  method  of  activation,  i.  e.  ,  the  type  of  plat¬ 
inum  salt  used.  In  Figure  2  are  showm  the  resistivities  of  various  catalyst  preparations  as  a 
function  of  platinum  content.  Catalysts  #14,  21,  19,  and  20  were  used  in  electrodes  #57,  86,  87, 
and  89  (cf.  Figs.  82-89,  Section  4.2.2).  Some  increase  in  resistivity  of  the  boron  carbide  powder 
with  activation  was  noted.  When  chloride  salts  were  used  as  in  catalysts  #4,  26,  and  27,  little 
increase  was  noted.  Catalyst  #4  was  anomalous  because  of  the  use  of  a  wet  hydrogen  treatment  at 
400"C  in  an  attempt  to  remove  residual  chloride.  All  catalysts  of  Fig.  2  have  resistivities  well 
within  the  acceptable  range  for  fuel  cell  electrodes. 
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5.Z.  1.2  Mat  rials 

Three  ditierent  boron  carbides  were  at  least  partially  evaluated  during  this  period. 

They  were  the  following: 

1.  A  high  purity  stoichiometric  3,0  from  Semi -Elements ,  Inc.  This  material  was  of 
relatively  high  resistivity,  approximately  8,  000  ohm.  cm.  Its  partical  size  was 
larger  than  desirable  for  fuel  cell  electrode  fabrication  and  no  further  investigation 
was  carried  out. 

2.  No.bide  10U0°F  grit  size  boron  carbide:  This  material  had  a  specific  surface  area 

of  about  14  m^/gram.  Electrode  fabrication  was  satisfactory,  but  the  material  was  con¬ 
taminated  with  a  considerable  amount  of  iron  oxide  impurity  which  had  a  detrimental 
effect  on  fuel  cell  performance.  Pretreatment  of  the  material  with  nitric  acid  to  remove 
the  iron  produced  a  satis^'actory  material  for  the  electrodes  but  was  laborious. 

3.  Norbide  800  grit  size  boron  carbide:  This  material  had  a  specific  surface  area  of  about 
12  m^ /gram  and  could  be  made  into  satisfactory  fuel  cell  electrodes  without  any  pretreat¬ 
ment.  Some  pretreatments  w'ere  tried,  none  of  which  produced  a  discernible  vn^provement 
in  fuel  cell  electrode  performance  (nitric  acid  and  potassium  hydroxide  leaching  at  110- 
14d'C  for  10-24  hours  in  the  presence  and  absence  of  oxygen). 

As  a  result  of  such  exploratory  experiments,  it  was  elected  to  employ  800  grit  sire  No-^bide  with¬ 
out  any  pretreatment  and  all  electrodes  including  Electrode  No.  57  and  subsequent  electrodes  em¬ 
ployed  this  boron  carbide  as  the  starting  material. 

Norbide  boron  carbide  was  obtained  from  the  Norton  Abrasives  Co.,  Worcester,  Mass.  It  is 
described  by  the  manufacturer  as  a  technical  grade  of  boron  carbide  with  the  following  typical 
analysis : 

B  70-72% 

C  22-26% 

B+C  94-97% 

BjjOg  1-3% 

Stoichiometric  B4C  contains  78.  3%  boron  by  weight.  The  Norbide  pow'der  contains  some  free 
carbon,  and  this  may  contribute  to  the  low  resistivity  of  the  materials  which  was  0,2  ohm- 
cm  for  the  compacted  powder  as  measured  by  the  method  described  in  this  appendix. 

5.2.  1.3  Platinum  Activation  Procedures 

Only  a  limited  exploration  of  the  variables  in  this  are..  s  beer  acconiplished  to  date.  Gen¬ 
eral  p.  ocedure  for  ail  activated  boron  carbide  catalys  s  w'as  the  same.  The  powder  was  mixed 
with  a  solution  of  a  platinum  salt.  The  pasty  mixture  '.'as  drived  thoroughly,  ground  in  a  boron 
carbide  mortar  m  break  up  large  lumps,  and  then  reduced  in  a  platinum  boat  in  flow'ing  hydro¬ 
gen  in  a  tube  furnace  for  20  hours  at  400^C.  In  a  single  case,  the  high  temperature  reduction 
.step  was  eliminated  and  the  resultant  catalyst  had  a  lower  activity  in  fuel  cell  electrodes. 
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Tv.'o  platinum  salt  solution^-'  were  tried,  chloroplatinic  acid  in  water,  and  diammino- 
dinitrito -platinum  in  aqueous  nitric  acid,  The  latter  consistently  gave  materials  of 
higher  activity  in  fuel  cell  elect! odes.  - 

5.2.  1.4  Electrode  Fabrication  g 

The  delamination  of  Teflon-bonded  electrodes  prepared  by  pressing  two  spreads  prepared  1 

from  a  paste  of  boron  carbide  with  diluted,  aqueous  Teflo.-'  T-30  suspension  on  opposite  1 

sides  of  a  supporting  screen  prevented  their  use  at  elevated  temperatures  due  to  blistering  ■ 

and  the  onset  of  massive  electrolyte  leakage  when  such  blisters  broke.  This  problem  was  j 

eliminated  by  employing  a  version  of  the  old  pasted  screen  method^  of  preparing  electrodes.  B 

A  mixture  of  boron  carbide  powder  (usually  activated  with  platinum)  with  aqueous  Teflon  T-30  j 
solution  was  pasted  directly  onto  the  supporting  screen,  dried  and  then  press  cured  between  J 

aluminum  foils  at  i50°C  at  8,000  pounds  total  press  force  (on  an  area  of  about  3  square  inches)  1 
for  2  minutes.  Electrodes  prepared  in  this  way  showed  no  blistering  and  better  performance  j 
in  fuel  cells.  1 


^  1.  Grubb,  W.  T.  and  Michalske,  C.  J.  J.  Electrochem.  Soc.  Ill  477  (1964). 
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Platinum  Activated  Tantalum 


5.  2.  2.1  Ball-Milling  Procedures 

Various  me  hods  for  the  comminution  of  tantalum  powders  were  discussed  in  the  pre¬ 
vious  report  (1).  Because  the  ball  milling  snethod  proved  most  promising,  fu^'ther  extensions  of 
this  method  were  investigated.  Tantalum  powder  from  the  National  Re.search  Corp.  having  an 
a-^ea  of  0.37  m'“  / g  was  used  as  the  starting  mateiial.  It  was  ball  milled  using  a  solution  of 
AlfNOs)^  •  9H2O  in  100%  ethanol  (70g  salt/ 300  ml  ethanol)  as  a  grinding  aid.  The  alumiiiim 
nitrate  was  used  because  it  had  previously  been  showrj  to  be  a  very  effective  aid  for  milling 
nickel  powders  from  2.  dowm  to  0.  Ifi  (2).  Prior  to  milling  the  tantalum  po'  d  *r  was  hydrided  to 
embrittle  it.  (1 ) 

The  powder  was  milled  in  aCarboloy  ball  mill,  3"  long  and  having  an  internal  diameter  of 
1-7/S''.  A  mixture  of  1/8",  1/4''  and  3/8"  Carboloy  balls  was  used.  The  mill  was  filled  with  its 
charge  of  powder  under  an  argon  atmosphere  and  then  topped  with  the  solution  of  aluminum  ni¬ 
trate.  On  the  basis  of  previous  experience  a  milling  time  of  144  hours  was  used. 

5,  2, 2. 2  Dialysis  Procedure  for  Recovering  Powder 

Upon  completion  of  the  milling,  the  aluminum  nitrate  was  removed  from  the  high  area 
powder  by  dialysis.  The  dialyzer  tubing  employed  was  1-1/8"  diameter  seanness  cellulose  sup¬ 
plied  by  Fisher  Scientific  Co.  A  three-foot  length  was  suspended  within  a  section  of  Pyrex  pipe 
having  an  internal  diameter  of  3".  The  volume  of  the  cellulose  tube  which  cor.tained  the  tantalum 
suspension  was  about  500  cc.  The  volume  of  wash  water  contained  in  the  Pyrex  pipe  was  about  3 
liters.  Both  the  suspension  and  the  wash  water  were  stirred  by  a  flow  of  nitrogen  bubbling  through 
the  liquids.  Dialysis  was  continued  for  several  days  during  which  time  the  wash  water  was 
changed  every  8  hours.  At  least  30  changes  of  the  wash  Water  were  Used.  Following  this  treat¬ 
ment  the  tantaium  powder  was  dried  and  sieved. 

5.  2.  2. 3  Surface  Areas 

The  ball  milling  with  aluminum  nitrate  in  ethanol  as  a  grinding  aid  re.sulted  in  powders 
having  surface  areas  of  7-3  m'^/g  as  measured  by  nitrogen  adsorption  with  a  Perkin-Elmer-Shell 
Sorptometer,  Table  1  following  shows  the  relative  effectiveness  of  all  the  comminution  proce  lures 
that  have  been  used. 

1.  Technical  Summary  Report  No.  5  ’’Hydrocarbon-Air  Fuel  Cells",  Jan,  1  -  June  30,  1964, 
Contract  Nos.  DA-44-0U 9- ENG-4909  and  DA-44-009-ENG-479(T),  p.  4-113. 

2.  Quatinetz,  M.,  et.al.,  in  "Ultrafine  Particles",  ed.  by  W.E.  Kuhn,  H.  Lamprey  and 
C,  uheer,  John  Wiley  and  Sons,  New  York,  1963,  p.  271  ff. 
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*  Carboloy  ball  mill  —  1-7/8"  d.  x  3";  1/8",  1/4",  3/8"  d.  balls. 

**  Hydrided 
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3.  3.  1  Low  Cost  Substrate  Material 

5.  3.  1.  1  Preliminary  Corrosion  Data  for  Hydrofluoric  Acid 

The  preliminary  data  for  corrosion  rates  in  48%  HF  are  given  in  Table  I.  Of  the  ma¬ 
terials  tested,  all  the  noble  metals  as  well  as  the  alloys  of  palladium-nickel,  gold-nickel,  and 
palladium-'silver-gold  appear  excellent  for  stability  in  HF  electrolyte  at  lOO'C.  Molybdenum- 
tungsten  alloy  also  appears  promising.  Among  the  materials  tested  and  found  unsatisfactory  are 
nickel,  molybdenum,  stainless  steela,  titanium-palladium  and  tantalum, 

5.3.!,  2  Corrosion  D^ta  'jr  Phosphoric  Acid 

A  sur  .mary  of  the  data  for  "chemical"  corrosion  of  alloys  in  88  wt  %  phosphoric  acid 
(C.  P.  )  at  150'C  in  either  reducing  (fuel  gas  bubbling)  or  oxidizing  (oxygen  gas  bubbling)  environ¬ 
ment  is  provided  in  Table  II.  The  corrosion  rates  reported  must  be  regarded  as  only  approxi¬ 
mate,  particularly  in  those  cases  where  the  weight  loss  is  less  than  one  or  two  milligrams,  since 
in  such  cases  the  relative  error  in  the  calculated  corrosion  rates  is  likely  to  b"'  large.  The 
density  data  required  to  calculate  the  corrosion  rates,  in  mils  per  year,  for  many  experimental 
alloys  were  not  readily  available  from  the  literature.  In  the  cases  of  specimens  with  well  defined 
geometric  shapes,  the  density  was  experimentally  determined  from  the  weight  and  the  volume.  In 
the  case  of  highly  irregular  shaped  specimens  the  density  values  were  calctla'  'd  on  the  assump¬ 
tion  that  the  density  of  each  element  in  the  alloy  was  approximately  the  same  as  in  the  elemental 
form.  The  error  involved  in  the  corrosion  rates  due  to  the  error  in  the  density  values  is  negli¬ 
gible.  In  some  cases  ox  the  tungsten  base  alloys,  the  composition  was  not  readily  available  from 
the  supplier,  hence  the  rates  in  vnils  per  year  are  calculated  based  on  an  approximate  measured 
value. 
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Chemical"  Corrosion  of  Metals  and  Alloys  in  48%  Hydrofluoric  Acid  at  Two  Temperatures 
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TABLE  No.  I  (Cont. 
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TABLE  No.  11  (Cont 
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f)  3.2  Dev o loprneiUal  Eloeirodes 

Performanco  data  obtained  for  developmental  electrodes  is  presented  in  the  following  Tables  III 
through  XV. 

TABLE  III 


Heavy  and  fluffy  wetproofing  films  sprayed  on  standard  Niedrach -Alford  electrodes  with  10%  T-30. 
Performance  on  propane,  oxygen  and  air.  Electrode  potentials  in  mv,  150  C,  85%,  H-5P04 


PROPANE 

Electrode 

Number 

Film 

(mg/inch® 

L  £ 

10 

CURRENT 

20  30 

DENSITY  (A.S.F.) 

40  50  100 

150 

200 

Limitini 

Current 

Density 

ELECTRODE  POTENTIALS  (mv) 

3207 

4.9 

280 

430 

460 

490 

505 

520 

600 

140 

5111 

5 

Poor  Performance 

3215 

20 

150 

370 

405 

41Q 

425 

435 

480 

530 

5  SO 

3185 

40 

220 

340 

375 

400 

410 

420 

450 

475 

500 

3214 

40 

220 

330 

370 

390 

410 

425 

460 

490 

515 

3221 

40 

150 

360 

385 

410 

425 

440 

480 

505 

530 

3222 

40 

140 

340 

375 

400 

415 

430 

460 

485 

505 

3188 

60 

210 

375 

400 

410 

420 

430 

455 

480 

510 

3189 

80 

260 

380 

410 

435 

450 

460 

490 

525 

555 

5129 

110 

220 

375 

400 

420 

440 

450 

520 

580 

620 

5113 

160 

200 

Poor  Performance 

OXYGEN 

3207 

4.9 

1080 

1000 

980 

960 

950 

935 

910 

885 

860 

5111 

o 

3215 

20 

1040 

975 

950 

940 

930 

925 

905 

885 

870 

3185 

40 

1080 

965 

940 

925 

915 

910 

895 

870 

855 

3214 

40 

1040 

980 

965 

940 

930 

920 

900 

880 

860 

3221 

40 

1040 

945 

930 

920 

910 

900 

870 

850 

835 

3222 

40 

1040 

940 

925 

915 

905 

900 

880 

860 

845 

3188 

60 

1040 

1000 

975 

960 

950 

940 

920 

905 

885 

3189 

80 

1040 

995 

965 

945 

930 

920 

905 

890 

870 

5129 

110 

1040 

980 

950 

930 

915 

900 

865 

845 

830 

5113 

160 

1033 

824 

746 

658 

i\IR 

3207 

4.9 

1020 

940 

915 

890 

875 

860 

820 

790 

755 

5111 

5 

911 

178 

42 

3215 

20 

1000 

900 

870 

845 

925 

810 

765 

725 

690 

5185 

40 

1060 

940 

910 

880 

870 

860 

825 

805 

785 

3214 

40 

1040 

950 

920 

900 

885 

870 

835 

810 

780 

3221 

40 

3222 

40 

3188 

60 

1000 

965 

940 

920 

905 

895 

870 

840 

810 

3189 

80 

1020 

950 

920 

910 

890 

880 

845 

805 

770 

5129 

110 

1020 

930 

905 

885 

870 

850 

810 

780 

760 

5113 

160 

1010 

645 

537 

325 
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TABLE  IV 


Heavy  and  fluffy  wetproofing  films  sprayed  on  electrodes  with  various  Teflon 
concentrations  in  catalyst  layer.  Performance  on  propane  ,  oxygen  and  air. 


CURRENT  DENSI  TY  A.S.F. 

Limiting 

Electrode 

Film 

Current 

Number 

(mg,''sq  in.) 

0 

10 

20 

30 

40 

50 

too 

>50 

200 

Densit\ 

PROPANE 

ELECTRODE  POTENTIALS 

(mv) 

With  20% 

5116 

10 

200 

540 

15 

T-30 

5116* 

10 

280 

450 

490 

415 

440 

455 

100 

5110 

40 

246 

500 

550 

620 

5110* 

40 

180 

405 

440 

465 

480 

495 

550 

60u 

650 

5120 

60 

240 

500 

£50 

580 

620 

720 

5120* 

60 

200 

440 

480 

500 

525 

550 

With  20% 

5123 

10 

280 

440 

480 

520 

560 

670 

50 

T-7 

5123* 

10 

300 

460 

500 

530 

550 

590 

740 

5122 

40 

230 

440 

460 

485 

510 

530 

645 

5122* 

40 

260 

380 

415 

435 

450 

470 

560 

With.  30% 

5115 

10 

250 

450 

490 

530 

570 

630 

T-7 

5115* 

10 

300 

470 

510 

535 

565 

595 

70 

5112 

40 

200 

380 

430 

460 

485 

505 

620 

130 

5112* 

40 

140 

440 

485 

510 

530 

560 

OXYGEN 

1 

With  20% 

5116 

10 

950 

830 

760 

710 

670 

635 

540 

460 

385 

15 

T-30 

511b* 

10 

1010 

940 

900 

880 

865 

855 

820 

810 

800 

100 

5110 

40 

5110* 

40 

1020 

970 

950 

935 

930 

920 

900 

885 

780 

5120 

60 

1030 

960 

925 

900 

880 

865 

830 

815 

800 

5120* 

60 

1020 

940 

905 

880 

860 

845 

815 

800 

785 

With  20% 

5123 

10 

1060 

990 

965 

940 

920 

905 

875 

850 

830 

50 

T-7 

5123* 

10 

1070 

970 

930 

900 

880 

870 

825 

795 

770 

5122 

40 

1070 

1020 

990 

970 

960 

945 

915 

885 

855 

3122* 

40 

1060 

950 

925 

900 

885 

870 

850 

830 

810 

With  30% 

5115 

10 

102P 

950 

920 

890 

880 

865 

850 

840 

830 

T-7 

5115* 

10 

990 

940 

910 

880 

880 

840 

810 

795 

785 

70 

5112 

40 

1020 

970 

940 

910 

900 

890 

850 

830 

820 

130 

5112* 

40 

1010 

950 

920 

900 

890 

875 

830 

780 

730 

♦Electrodes  and  films  pressed  with  20 

-ton  pressure 

after  first 

test. 
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TABLE  IV  (Continued) 


AIR 


Electrode 

Number 

Film 

(mg /inch®) 

0 

10 

CURRENT  DENSm’  (A.S.F.) 

^  30  «  50  1^  1^ 

ELECTRODE  POTENTIALS  (rav) 

200 

On  20% 

5116 

10 

870 

650 

550 

470 

410 

360 

90 

T-30 

5116* 

10 

1000 

880 

850 

820 

800 

780 

740 

720 

700 

5110 

40 

5110* 

60 

990 

950 

930 

910 

85D 

880 

835 

805 

780 

5120 

60 

1020 

905 

860 

830 

810 

790 

750 

715 

680 

5120* 

1000 

885 

840 

810 

780 

765 

710 

655 

600 

On  20% 

5123 

10 

1010 

950 

920 

890 

870 

855 

800 

760 

710 

T-7 

5123* 

10 

1040 

890 

850 

820 

790 

770 

700 

660 

615 

5122 

40 

990 

920 

900 

875 

860 

850 

820 

795 

770 

5122* 

40 

1020 

900 

860 

830 

810 

795 

750 

710 

670 

On  30% 

5115 

10 

980 

840 

810 

775 

750 

740 

710 

710 

710 

T-7 

5115* 

10 

980 

890 

850 

800 

775 

750 

690 

655 

615 

5112 

40 

990 

905 

870 

820 

805 

790 

755 

730 

705 

5112* 

40 

940 

840 

740 

680 

600 

460 

.. 

*  Electrodes  and  films  pressed  with  20-ton  pressure  after  first  test. 
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TABLE  V 


Heavy  and  fluffy  wetproofing  fi’ms.  Performance  gain  or  loss  after  hot 

pressing  with  20  tons. 


PHOPANL 

Electrode 

Number 

Film 

(mg/ sq  in.)  0 

10 

CUIUIENT  DENSITY  (A.S.F.) 

M  M  40  50  100  150 

PERFORMANCE  GAIN  OR  LOSS  (mv) 

200 

*■ 

51  ir. 

10 

-HO 

+90 

‘t 

inc"eased  from  15  to  100 

5110 

40 

JL 

5120 

60 

+40 

+60 

+  70 

+  80 

+95 

+  170 

5123 

10 

-20 

-20 

-20 

-10 

+  10 

+  80 

5122 

40 

-30 

+60 

+  45 

+  50 

+  60 

+  80 

+85 

5115 

10 

-50 

-20 

-20 

-  5 

+  5 

+  .35 

5112 

40 

+  60 

-60 

-55 

-50 

-55 

-  55 

OXYGEN 

5116 

10 

+  60 

+  90 

+  140 

+  170 

+  195 

+22'. 

+  280 

+350 

+  415 

5110 

40 

5120 

60 

-10 

-20 

-  20 

-  20 

-  20 

-  20 

-  15 

-  15 

-  15 

5123 

10 

+  10 

-20 

-  33 

-  40 

-  40 

-  35 

-  50 

-  35 

-  60 

5122 

10 

+  10 

-70 

-  65 

-  70 

-  75 

-  65 

-  55 

-  45 

5115 

10 

-30 

-10 

-  10 

-  10 

-  20 

-  22 

-  40 

-  45 

-  45 

5112 

4o 

-10 

-20 

-  20 

-  10 

-  10 

-  15 

-  20 

-  50 

-  90 

AIR 

5116 

10 

130 

+230 

+300 

+350 

+390 

+  420 

5110 

40 

5120 

60 

-  20 

-20 

-  20 

-  20 

-  30 

-  25 

-  40 

-  60 

-  80 

5123 

10 

+  30 

-60 

-  70 

-  70 

-  80 

-  85 

-100 

-100 

-  95 

5122 

40 

+  30 

-20 

-  40 

-  45 

-  50 

-  55 

-  70 

-  85 

-100 

5115 

10 

- 

+  50 

-  40 

+  25 

+  25 

+  10 

-  20 

-  55 

-  95 

5112 

40 

-  50 

-60 

-J30 

-140 

-205 

-330 

+  =  Gain  in  performance  (lower  electrode  potential  for  propane). 

-  =  Loss  in  performance  (higher  electrode  potential  for  propane). 


S-ll 


TABLE  VI 


A  six' stos- filled  electrodes.  Performance  or  propane,  oxygen  and  air. 


Electrode  CURRENT  DENSITY  (A.S.F.) 

Number  0  ^  ^  40  M  200 

PROPANE  _ ELECTRODE  POTENTIALS  (mv) 


3239 

260  375 

410 

430 

445 

460 

505 

530 

550 

3240 

Good  performance 

3241 

270  360 

395 

415 

430 

445 

490 

515 

550 

3242 

260  430 

470 

500 

520 

535 

650 

3243 

230  315 

345 

360 

3V5 

380 

415 

430 

460 

3244 

150  380 

■*30 

445 

455 

465 

510 

530 

540 

3245 

250  365 

390 

4i0 

425 

430 

470 

500 

520 

(  *  ) 

350 

380 

400 

415 

430 

460 

490 

515 

OXYGEN 


3239 

1020 

970 

950 

935 

925 

920 

695 

870 

860 

3240 

Good 

performance 

3241 

1080 

990 

970 

950 

940 

930 

905 

88f 

870 

3242 

1040 

935 

915 

900 

885 

875 

835 

825 

820 

3243 

1040 

98C 

960 

950 

945 

935 

910 

895 

880 

3244 

1020 

970 

950 

935 

920 

915 

890 

875 

860 

3245 

1060 

980 

965 

950 

940 

930 

905 

890 

880 

3239 

1000 

930 

905 

890 

875 

865 

830 

800 

780 

3240 

Good 

performance 

3241 

1040 

940 

915 

890 

880 

870 

830 

805 

780 

3242 

920 

860 

830 

800 

780 

760 

660 

560 

460 

3243 

1020 

940 

920 

900 

885 

875 

840 

815 

795 

3244 

1000 

920 

900 

885 

875 

860 

810 

785 

785 

3245 

980 

930 

900 

885 

870 

855 

820 

810 

780 

(*)  Average  performance  of  standard  electrodes  with  heavy  wet-prooiing  films  (40  mg/lnch^ 
for  comparison. 


Limiting 

Current 

Density 


145 
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TABLE  \T1 


Composition  and  catalyst  loading  of  asbestos-filled  electrodes. 


Electrode 

Number 

%  Pt 

.centrations 
%  Asbestos  ‘ 

*  T-30 

Catalvst  Loading 
(gr/cm') 

3239 

72 

18 

:o 

29.5 

3240 

72 

18 

10 

29.5 

3241 

72 

18 

10 

29.5 

3242 

53 

•>7 

M  t 

20 

22.0 

3243 

83 

7 

10 

34.3 

3244 

57 

25 

18 

23.6 

3245 

72 

18 

10 

29.5 

TABLE  Vni 

Composlcion  of  Double-Layc  Electrodes 

A. 

With  two  layers  of  different  teflon  content 

Electrode 

Composition  of  L.iyer 

Number 

Gas  Side 

Electrolyte  Side 

5174 

30%  T.30  (1.2  gr) 

10%  T-30  (1.2  gr) 

5106 

10%  1-30  ’• 

30%  T-30  ’■ 

824 

30%  T.7 

10%  T-7 

3163 

30%  T.7 

10%  T-7 

825 

10%  T-7 

30%  T-7 

B. 

With  a  tantalum  layer  and  a  platinum  layer 

3198 

Pt+ 30%T-7(1.2  gr)  Ta 

r  20%  T-7  (2  gr) 

3209 

Pt  +  30%  T-7  "  *Ta+ Ni  7  20%  T-7  (2  gr) 

*  80%  Ta  +  20%  Nl, 

NT  dissolved  from  electrode. 

C. 

With  sandwiched  wetproofing  films 

Electrode 

Film 

Number 

(mg/sq  in.)  Gas  Side 

Electrolyte  Side 

3226 

1.6  Tr4.+  20%T-7 

Pt  -  i0%  T-7 

3228 

6.0  7a+20'?T-7 

Pt  +  lO  .r  T-T 

3229 

6.0  Ta  20%  T-" 

Pt  7  igT  T-7 

3230 

24.0  Ta-^20tT-7 

Pt  -  10"  T-7 
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TABLE  IX 


Performance  of  doiible  layer  electrodes  with  two  layers  of  different  teflon  content , 


Electrode 

Number 


CURRENT  DENSITY  (A.S.F.) 

^  ^  1?  12  100 

ELECTRODE  POTENTIALS  (mv) 


Limiting 

Current 

Density 


5174* 

250 

400 

450 

465 

480 

490 

560 

5106 

240 

37'^ 

410 

440 

460 

470 

540 

590 

640 

824 

200 

400 

430 

440 

455 

460 

450 

530 

570 

3163 

260 

425 

455 

480 

495 

510 

590 

825 

240 

690 

430 

450 

460 

480 

525 

570 

615 

350 

380 

400 

415 

430 

460 

490 

515**' 

♦Only  cold-pressed  electrode. 

♦♦Mean  values  of  standard  electrodes  with  heavy,  fluffy  wetproofing  films  of  40  mg/sq  in. 


TABLE  X 

Performance  of  double-layer  electro ^e8  with  a  tantalum  and  a 
platinum  layer.  Nickel  used  as  spacing  agent  in  electrode  3203. 


Electrode 

Number 


CURRENT  DENSITY  (A.S.F.) 
10  20  M  40  ^  100 

ELECTRODE  POTENTIALS  (mv) 


Limiting 
Current 
200  Densitv 


PROPANE 


3198 

130 

490 

560 

630 

700 

3209 

220 

360 

400 

420 

430 

OXYGEN 


3196 

1040 

900 

840 

815 

780 

760 

590 

420 

3209 

1000 

910 

895 

880 

870 

860 

795 

735 
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TABLE  XI 


Performance  of  double-layer  electrodes  with  sandwiched  wetproofing  films. 


Electrode 

Number 


PROPANE 


OXYGEN 


AIR 


CURRENT  DENSm^  <A.S.F.) 

20  30  40  50  100  150 


0  2p  _  _  _  _ 

ELECTRODE  POTENTIALS  (mv) 


200 


3226 

220 

450 

520 

23 

3226* 

280 

380 

410 

430 

450 

465 

80 

3228 

220 

369 

420 

460 

500 

50 

3228* 

200 

400 

440 

460 

495 

530 

80 

3229 

140 

320 

380 

410 

440 

470 

80 

3230 

140 

360 

415 

460 

510 

45 

3226 

1040 

940 

895 

850 

815 

755 

720 

690 

3226* 

1000 

950 

915 

885 

580 

870 

845 

825 

810 

3228 

1020 

960 

930 

915 

910 

885 

865 

840 

820 

3228* 

1050 

940 

920 

905 

890 

885 

850 

825 

800 

3229 

1050 

995 

970 

950 

940 

925 

880 

840 

825 

3230 

1030 

960 

925 

910 

905 

890 

850 

820 

795 

3226 

990 

810 

730 

690 

660 

630 

545 

480 

425 

3326* 

1000 

900 

850 

825 

SIO 

795 

750 

720 

695 

3228 

1000 

890 

860 

640 

825 

805 

750 

715 

685 

3228* 

1010 

880 

85C 

820 

800 

780 

720 

680 

63C 

3229 

1020 

925 

880 

845 

820 

790 

670 

580 

490 

3230 

1000 

900 

845 

805 

780 

755 

655 

520 

Limiting 

Current 

Densitv 


190 


♦These  electrodes  were  tested  with  the  platinum  layer  on  the  gas  side  after  spraying  of  a  wetproofing 
film  on  that  side. 
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TABLE  Xn 


Performai;''<f  of  standard  electrodes  with  wetproofing  film.  5135  appli'^d  by 
spraying  under  vacuum;  5150  with  flltared-on  film 


CURRENT  DENSITY  (A.S.F.) 

^  0  10  20  30  40  50  100  150  200 

Electrode  —  —  —  —  —  —  -  -  - 

Number  _ ELECTRODE  POTENTIALS  (mv) _ 

PROPANE 


5135 

260 

405 

440 

455 

470 

485 

535 

590 

jO 

5135* 

220 

365 

400 

420 

430 

440 

475 

495 

510 

5150 

230 

360 

395 

420 

440 

455 

495 

525 

550 

OXYGEN 


5153 

1070 

1000 

970 

955 

940 

925 

890 

870 

855 

5135* 

1020 

960 

935 

920 

910 

900 

870 

845 

825 

5150 

1020 

965 

940 

930 

925 

915 

885 

865 

850 

AIR 


5135 

1040 

S45 

910 

890 

875 

860 

810 

780 

760 

5135* 

980 

V 

880 

860 

840 

875 

795 

775 

755 

5150 

1010 

925 

900 

885 

870 

855 

810 

785 

770 

♦Hot  pressed  with  20  tons  after  first  performance  test. 


TABLE  Xm 


Performance  of  Electrode  832.  Tantalum  substraicture  activated  by 
filtered-on  platinum  black  ~  T-30  slurry. 

CURRENT  DENSIIT  (A.S.F.) 

0  1^  ^  ^  «  50  100  1^ 

_ ELECTRODE  POTENTIALS  (mv) _ 


200 


Limiting 

Current 

Density 


PROPANE 

OXYGEN 

AIR 


310 

410 

420 

435 

450 

460 

80 

1060 

910 

880 

860 

845 

835 

820 

805 

795 

900 

840 

805 

78^ 

760 

740 

660 

505 

515 
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TABLE  XIV 


Standard  electrodes  with  various  catalyst  loadings.  Performance  on  propane. 


Electrode 

Catalyst 

CURRENT  DENSITY  (A,S.F.) 

Limiting 

Current 

Number 

(gr.  total) 

0 

10 

40 

50 

100 

150 

200 

Density 

ELECTRODE  POTENTIALS  (mv) 

3204 

3.6 

220 

370 

400 

425 

445 

460 

530 

610 

730 

3197 

1.5 

250 

390 

410 

430 

440 

450 

485 

500 

510 

7115 

1.2 

280 

350 

380 

400 

410 

415 

(450) 

80 

TABLE  XV 


Performance  of  standard  electrode  No.  5104,  pressed  at  100  tons* 


CURRENT  DENSITy  (A.S.F.) 

0  10  20  30  40  50  100  ISO  200 

_ ELECTRODE  POTENTIALS  (mv) _ 


PROPANE 

280 

380 

415 

440 

450 

460 

490 

530 

565 

OXYGEN 

1030 

985 

960 

950 

940 

930 

915 

895 

880 

AIR 

1020 

955 

925 

905 

885 

870 

840 

810 

780 
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SELF-SUSTAINING  OPERATION 


5,5.1 


Reactivities  and  Fuel  Utilization  (P.  J.  Chludzinski- ) 


5.5.  1,  1  Calibration  Results  of  Chromatograph 

The  calibration  results  for  the  chromatograph  -  Perkin  Elmer  Model  801  Vapor  Frac- 
tometer  are  shown  in  Table  I.  Test  set  up  and  conditions  were:  column  type  -  6  foot  long,  1/8 
inch  OD  stainless  t- bing  packed  with  silica  gel,  sample  tube  volume  -  1  cc.,  helium  carrier  gas 
flow  -  30  cc/minat  i  0°C,  Z3  cc/min  at  250°C,  and  thermal  conductivity  cell  temperature  at 
150°C. 


Table  I 


Species 

K 

/  area  X  atten.  ' 

\  yt  g  mol  J 

Separation 

Time 

(min,  sec. ) 

Column  Temp 
(°C) 

Air 

178 

O'  45" 

150 

COa 

206 

1'  50" 

150 

CgHe 

293 

3'  12" 

150 

C6H14 

685 

9'  45"  * 

250 

Cs  Hi  s 

809 

17'  53"* 

250 

Air 

- 

1'  0" 

20 

CO 

- 

1'  16" 

20 

CH4 

- 

1'  48" 

20 

^After  starting  temperature  program  4  min.,  30  sec. 

injection.  Program  rate  =  48°C/min. 

from  time  of  sample 

5.  5.  1.2  Results  of  n-octane/n-hexane  Fuel  Mixture  Experiments 

Test  results  are  tabulated  in  Table  II.  The  test  conditions  were:  electrolyte  (H3PO4) 
concentration  93  weight  per  cent,  cell  temperature  307° F,  cell  area  =  2.68  inch  x  2.68  inch  = 
0.  05  ft^,  and  anode  chamber  height  of  0.  125  inch. 
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Table  II 


Run 

No. 

Total 
Fuel  Feed 
NTi 

(iLi-inSi) 

min 

Mol 

F  raction 

Hexane  in 
Fuel  Feed 

x; 

Cell 

Current 

i 

(amp) 

Hexane 

Current 

io 

(amp) 

Octane 

Current 

is 

(amp) 

Exhaust  Composition 
(dry  basis) 

Hexane 

X 

a 

Octane 

^b 

Ca  rbon 

Dioxide 

X 

c 

36 

149.  7 

.  555 

1. 02 

.845 

.  116 

.302 

.285 

.413 

39 

126.  3 

.  555 

2.00 

1.71 

.281 

.  145 

.  182 

.672 

41 

128.6 

.  555 

2.00 

1.54 

.400 

.  159 

.  181 

.660 

42 

126.3 

.  555 

1.90 

1.44 

.  390 

.  167 

.  185 

.  648 

43 

74.?. 

.  555 

1.89 

1.  15 

.  674 

.098 

.  109 

.  794 

44 

73.6 

.  555 

1.89 

1.18 

.  625 

.097 

.112 

.  790 

47 

52.9 

.246 

2.00 

.46 

1.47 

.  022 

.  101 

.  878 

51 

196 

.246 

2,02 

.  788 

.  902 

.  100 

.409 

.491 

52 

196 

.246 

2. 01 

.  750 

1.066 

.098 

.391 

.  51 1 

55 

181 

.246 

1.01 

.566 

.  350 

.  130 

.519 

.  351 

56 

181 

.246 

1.01 

.675 

.241 

.  130 

.527 

.343 

57 

181 

.  246 

1.01 

.551 

-.438 

.132 

.508 

.  360 

Run 

36  through  44 

were  50%  by 

volume  hexane.  Run  47  through  57  were 

20%  by  volume 

hexane. 

5.5.2  Transport  Rates  (R.  E,  Kegan) 

The  detailed  operating  data  ind  results  for  the  test  fuel  cells  are  provided  in  Tables  III 
and  IV.  These  data  have  been  expressed  graphically  in  Figs.  1  through  4.  Table  V  contains  the 
composition  and  process  data  for  the  electrodes  used  ir  these  tests. 
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Table  111  (cont 
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